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Abstract
Classiﬁcation and detection of targets based on the analysis of structural resonances
has been of prime interest to ocean acousticians for a long time. To further the under-
standing on scattering from complex targets, the EVA'06 experiment was conducted
by a group of teams that included NURC, NRL and MIT, oﬀ the island of Elba in
Italy. The experiment involved controlled monostatic and bistatic, near ﬁeld and
far ﬁeld measurements of scattering from proud and half buried targets, which are
representative of real world mines. This thesis focuses on the analysis of near-ﬁeld
bistatic data set obtained by supercritically insonifying proud composite targets and
subcritically insonifying an empty spherical shell. Speciﬁcally, the arrival times of
diﬀerent waves known to be generated by scattering from cylindrical and spherical
shells have been computed at diﬀerent azimuths and vertical angles. These traces
have been obtained by analyzing the experimental data and from simulations using
OASES/SCATT. The arrival times, additionally, have been computed using geom-
etry for the `in-plane' i.e, precise forward and back scattering conﬁgurations. This
enables accurate identiﬁcation of diﬀerent waves for these two azimuths which are
then followed with the cage rotation. Also, the average intensity recorded at each
receiver as a function of frequency and cage rotation is illustrated in the dome plots.
Finally, in the experimental plots some unidentiﬁed arrivals have been noted, which
could be the waves supported by the ﬁller material contained inside. This work, thus,
presents a comprehensive treatment of near-ﬁeld scattering from complicated targets
and provides a framework to do future work on deciphering the arrival times of more
complicated waves from targets of arbitrary geometry.
Thesis Supervisor: Henrik Schmidt
Title: Professor of Mechanical and Ocean Engineering
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Chapter 1
Introduction
1.1 Background
The ability to detect and classify targets buried in the seabed has been of prime
interest to ocean acousticians for a long time. Scattering physics forms the basis for
theoretical analysis and numerical modeling of such problems. Over the years, more
sophisticated models have evolved to represent the exact ocean environment which
take into account the variability of diﬀerent parameters, complicated bottom structure
and multiple scattering eﬀects. The models use closed form analytical solutions which
involve exact spectral representation of Green's function and robust numerical tech-
niques to generate the scattered ﬁeld. Results predicted by these models are generally
veriﬁed by `at-sea' experiments which require ingenious engineering methods to place
and bury targets at the exact locations. The receivers are mounted on Autonomous
Underwater Vehicles (AUVs) and ships for receiving the scattered signals. Accurate
beamforming and signal processing techniques have been developed to study those
signals which are polluted with ambient noise and rough interface reverberations.
At high frequencies, acoustic scattering by moderate-sized targets (≈ 1m) is de-
scribed by the Geometric Theory of Diﬀraction. But the excitation of structural
waves or resonances is supported only at lower frequencies. For target size of (≈ 1m),
these resonances are strongly excited in the 1 − 10 kHz frequency range and hence
coordinated experiment and modeling eﬀorts have been developed to explore the po-
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tential of low- to medium-frequency sonar concepts for improved target detection and
classiﬁcation. Another beneﬁt of moving to lower sonar frequencies is the improved
seabed penetration. For insoniﬁcation above the seabed critical grazing angle, the
attenuation decreases approximately linearly with frequency, while below the critical
grazing angle, the evanescent lateral wave ﬁeld in the bottom penetrates deeper [5].
The signal to reverberation ratio also increases because the reverberation from surface
features such as small-scale sand ripples decreases with decreasing frequency [6].
The analysis presented in this thesis uses the data set acquired during the EVA'06
experiment. Monostatic and bistatic measurements were conducted on diﬀerent man
made targets of diﬀerent shapes and burial depths. This thesis deals with the analysis
of near-ﬁeld bistatic scattering from two proud composite targets and a half buried
air ﬁlled target, subcritically and supercritically insoniﬁed at multiple aspects.
1.2 Motivation and Research Objectives
Past experimental and modeling works have provided evidence for the excitation
of structural waves in buried and proud targets. On this background, the motiva-
tion behind Experiments for the Validation of Acoustic modeling techniques (EVA
2006) conducted oﬀ the island of Elba in Italy, was to obtain dynamic low frequency
monostatic and bistatic target scattering data which would enable detection and clas-
siﬁcation of ﬁberglass, representative of real world, targets ﬁlled with solid material.
The bistatic conﬁguration with the hydrophones placed along the arc of a dome
shaped cage surrounding the targets provided the means of obtaining near ﬁeld scat-
tering data for all azimuths at diﬀerent ranges. The data set obtained is the only
one of its kind and contains required information about near ﬁeld scattering from
complicated targets which are proud or half buried.
The overall objective of this thesis is to interpret results by analyzing the above
mentioned data set and comparing them with simulations carried out using the scat-
tering module of OASES 3D. This would enable a thorough understanding of near
ﬁeld scattering and lay a foundation for future work on this topic. Speciﬁcally, this
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thesis aims to meet the following objectives:
1. Calculation of exact arrival times of diﬀerent waves, known to be generated by
scattering from proud or buried cylindrical and spherical shells, in the forward
and back scattering conﬁgurations using geometry.
2. Mapping these exact arrival times on the time series and spectrogram plots ob-
tained by analyzing the experimental data set and comparing the corresponding
exact and experimental arrival times.
3. Mapping the same exact arrival times on the time series and spectrogram plots
obtained by simulating scattering from targets using the SCATT module of
OASES 3D and comparing the corresponding exact and simulated arrival times.
4. Obtaining the time series for diﬀerent azimuths and diﬀerent receivers from
experimental data and OASES and using them to trace the arrival times of the
known waves as a function of azimuth and vertical angles.
5. Comparison of the azimuth stacked and vertical stacked traces obtained from
experimental analysis and OASES models and trying to explain any mismatch.
6. Generating the Dome plots to show the variation of average intensity as a func-
tion of azimuth and vertical angles for a particular frequency.
7. Predicting the source of traces unaccounted for by the known waves in the az-
imuth stacked plots obtained by experimental analysis and hence, providing
the framework to do future research to predict the arrival times of more compli-
cated, ﬁller material supported waves generated from targets of any arbitrary
shape.
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1.3 Thesis Outline
The thesis is brieﬂy outlined as follows:
Chapter 2 discusses the general theory on scattering physics. In particular, the
Virtual Source Method and the T Matrix Approach are illustrated with the relevant
mathematical equations. The concept of Lamb Waves and their properties are brieﬂy
described as well, since these waves have been studied extensively in this thesis.
Chapter 3 contains the background, theory and literature review on scattering
from elastic spheres and spherical shells. Wave propagation in spherically strati-
ﬁed media and Resonance Scattering Theory and its application in estimating target
characteristics are discussed concisely.
Chapter 4 discusses the background, theory and literature review on scattering
from solid elastic cylinders and cylindrical shells.
In chapter 5, the bistatic experimental conﬁguration of EVA 2006 is depicted
pictorially. The methodology and the procedure used in analyzing the experimental
data and setting up the simulation model in OASES are discussed. The geometry
and some of the mathematical derivations for ﬁguring out the exact arrival times are
shown as well.
Chapter 6 presents the results obtained for the case of proud composite sphere.
The exact arrival times of the Specular Echo, Bottom Specular wave and Counter-
clockwise and Clockwise A0 Lamb waves are calculated and compared with the arrival
times of corresponding waves obtained by experimental analysis and modeling using
OASES. These are plotted for the forward and back scattering conﬁgurations in which
the source, the receiver and the target are in the same vertical plane. The time series
and the spectrogram plots are used for comparing the diﬀerent arrival times. The
azimuth stacked time series and vertical stacked time series illustrate how the arrival
times of diﬀerent waves change with azimuth, range and vertical angles. Finally, the
dome plot depicts how the average intensity changes around the sphere.
Chapter 7 describes the results obtained for the case of proud composite cylinder.
As before, the results shown are in the form of time series, spectrogram plots, azimuth
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stacked time series, vertical stacked time series, and dome plots. The exact arrival
times are calculated for Specular Echo, Bottom Specular wave, First Bottom Bounce
wave and Helical Wave.
Chapter 8 presents the results for the partially buried GOATS sphere in the form
of the same plots as discussed above. The exact arrival times are calculated for the
waves mentioned for the composite sphere. Additionally, the First Bottom Bounce
wave has also been included.
Finally, Chapter 9 summarizes the results and discusses the scope of future work.
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Chapter 2
Theory
2.1 Background
The scattering response of an elastic body in a generally inhomogeneous environment
is diﬃcult to predict. Finite-diﬀerence time domain solutions can be used to model
any arbitrary environment or scattering conﬁguration [1]. However, these techniques
are computationally very intensive and cannot be used to model far ﬁeld responses.
Also, it is not easy to incorporate attenuation and dispersion eﬀects and approxi-
mations made to model the governing equations and boundary conditions cannot be
tested without established benchmarks.
Another theoretical approach involves using analytic and semianalytic frequency
domain techniques based on Helmholtz integral equation. It has been possible to
develop benchmark solutions based on this approach. For example, it could be shown
that with plane stratiﬁcations, numerically stable solutions to the scattering prob-
lem exist for two and three dimensional bounded elastic objects in ﬂuid, elastic and
poroelastic layers [1]. However, not all the approaches can be used to study scattering
from objects that have been buried in the seabed.
In this chapter we look at two approaches, one called the Virtual Source Approach
and the other Transition (T ) matrix approach to calculate the acoustic ﬁeld scattered
by a bounded elastic body that penetrates an arbitrary number of layers of a plane-
stratiﬁed ﬂuid and hence, imparting a general and comprehensive understanding on
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this complex physics problem.
2.2 Virtual Source Approach
2.2.1 Motivation
The virtual source approach was developed to study scattering from general elastic
objects with full 3D geometry with the objects penetrating any interface in a hori-
zontally stratiﬁed ocean, thus, giving us the capability to understand scattering from
partially or completely buried targets with multiple scattering eﬀects between targets
and between targets and the environmental stratiﬁcations. The virtual source method
does not require the treatment of the outer medium by the target model. The only
requirement is the computation of the frequency dependent dynamic stiﬀness matrix
which is uniquely associated with the internal structure and composition. Hence,
once the stiﬀness matrix is computed, it can be used for arbitrary orientation and
burial of the target and therefore this approach becomes useful to study the sensi-
tivity of scattering to seabed properties, burial depth, insoniﬁcation geometry, etc.
The stiﬀness matrix can be modeled in a variety of ways like using an exact spherical
harmonics or using a more general numerical method like Finite Elements.
2.2.2 Description
The virtual source method is based on waveﬁeld superposition approach. The target
is replaced by a distribution of sources of unknown magnitude and phase which are
placed inside the volume contained by the target. Then the unknown magnitudes
and phase are found by matching the boundary conditions requiring that the ﬁeld
formed by superimposing the incident and the contributions from the virtual sources
matches the true ﬁeld at the target boundary. The theory outlined below is exactly
as cited in [7] and reproduced here for a good theoretical understanding.
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Figure 2-1: Virtual source approach to scattering from targets in stratiﬁed ocean
waveguides.
The principle is illustrated schematically in ﬁgure 2-1. The plot shows an arbitrary
shaped object in a stratiﬁed ocean. The stratiﬁcations can be ﬂuidic or elastic but
here the layers containing the target are assumed to be isovelocity ﬂuid media for
simplicity. Next, the target is replaced by N simple point sources. Their complex
source strengths are denoted by s. It is assumed that the ﬁeld produced by this source
distribution is identical to the scattering produced by the target. The total pressure
ﬁeld and normal displacement at any point is found by summing the incident and the
scattered ﬁelds,
p = pi + ps, (2.1)
u = ui + us. (2.2)
Where,
p = the total pressure ﬁeld at N points,
u = the total normal displacement,
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pi = the incident pressure ﬁeld,
ps = the scattered pressure ﬁeld,
ui = the total normal displacement due to incident pressure ﬁeld,
us = the total normal displacement due to scattered pressure ﬁeld.
The frequency dependent dynamic stiﬀness matrix, K, relates the pressure and
displacement at any point on the surface of the target by the unique relationship
p = Ku. (2.3)
Simplifying the above equation by expanding p and u we get,
pi + ps = K(ui + us),
Ps = (Kui − pi) +KUs,
s = [P−KU]−1[Kui − pi]. (2.4)
Where,
P is theN×N matrix containing the pressure Green's function between the N virtual
sources and the N surface nodes,
U is the N×N matrix containing the normal displacement Green's function between
the N virtual sources and the N surface nodes.
2.2.3 Fourier-Bessel Green's Function
Once the source strengths are calculated, the scattered ﬁeld can be computed by
using the Green's function for the stratiﬁed ocean waveguide. The required Green's
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function can be computed by wavenumber integration, normal mode or parabolic
equation approaches [8]. However, these standard approaches assume the source to
be at the origin and another limitation is that they can compute the Green's function
only at far ﬁelds which is not what is desired in Eq.(2.4).
So instead, the Fourier-Bessel wavenumber integration approach [9] is used which
overcomes the above limitations. The basic idea of this approach is based on the
representation of the ﬁeld produced by a horizontal distribution of sources by an
azimuthal Fourier series of the displacement potential, φ(r, θ, z), which is decomposed
into the displacement potential due to source, φS, and the displacement potential due
to boundary interactions, φH .
φ(r, θ, z) = φS + φH =
∞∑
m=0
[φmS (r, z) + φ
m
H(r, z)]
 cosmθsinmθ
 , (2.5)
φmS (r, θ, z) =
εm
4pi
∫ ∞
0
 N∑
j=1
Sj
 cosmθjsinmθj
 Jm(krrj)exp jkr|z − zj|jkz
 krJm(krr)dkr,
(2.6)
φmH(r, θ, z) =
∫ ∞
0
[
A+m(kr)e
jkzz + A−m(kr)e
−jkzz] krJm(krr)dkr. (2.7)
Here,
kr is the horizontal wavenumber,
kz is the vertical wavenumber,
Sj is the complex source strength of source j at (rj, θj, zj),
A+m(kr) is the complex azimuthal Fourier coeﬃcient of the upgoing waveﬁeld ampli-
tude,
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A−m(kr) is the complex azimuthal Fourier coeﬃcient of the downgoing waveﬁeld am-
plitude,
εm is a factor which is 1 for m = 0 and 2 otherwise.
The eﬃciency of the virtual source approach hinges on a number of numerical
issues like the distribution of surface nodes and virtual sources and the implementation
of spectral integral representations of the waveguide Green's function.
2.3 The T Matrix Approach
The theoretical development of T matrix approach is cited in [1] in detail and only the
basic concept and equations are presented here. It was ﬁrst introduced by Waterman
and then extended for an elastic obstacle by Waterman [10] and Varatharajulu and
Pao [11]. The foundation for using the T Matrix Approach was laid out by Boström
[12],[13],[14] where he discusses the theory in detail and also shows that various pos-
sible forms of T matrix can be derived based on certain hypotheses like Rayleigh
Hypothesis. The results obtained were used to generate scattering cross section area
plots for two diﬀerent geometries for frequencies in the resonance region. Although,
the results were only shown for a single scattering object, it could be easily extended
to multiple scatterers [15] and buried obstacles [16]. Hackman et al., [14] developed
the T -matrix formulation for a scatterer in a waveguide with arbitrary number of
layers and a general geometry. Their major contribution was the extension of the
T -Matrix approach to study the long range propagation of low-frequency acoustic
waves in a shallow water environment
The T Matrix approach formulates frequency domain solutions to the Helmholtz
integral. These solutions are formulated as vector displacement ﬁelds and expanded
in a basis of eigenfunction solutions. The basis set is divided into regular and outgoing
sets. The regular basis functions are given by the standard set of spherical partial
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waves in free-ﬁeld conﬁguration,
Ψˆpml(r) =
1
k0
∇jl(k0r)Ypml(θ, φ). (2.8)
where Ypml(θ, φ) is a normalized spherical harmonic given by,
Ypml(θ, φ) ≡
(
m
2l + 1
4pi
(l −m)!
(l +m)!
) 1
2
× Pml (cos θ)
 cosmφ, p = e
sinmφ, p = 0
 . (2.9)
Here,
k0 is the wavenumber of the layer containing the coordinate origin of the basis,
jl is the lth order spherical Bessel function,
Pml (cos θ) is the associated Legendre function,
0 = 1,
m = 2 for m > 0.
Similarly the outgoing basis set can be obtained by using eigenfunctions that
account for plane stratiﬁcation of the surrounding media. The basis set should satisfy
the proper boundary conditions at all the interfaces. Once the basis sets are obtained,
the expansion for the Green's dyadicG(rs, r) in a plane-stratiﬁed ﬂuid can be obtained
as follows,
G(rs, r) = ∇∇sG(rs, r)/k3s
= i
(
k0
ks
)3
ρs
ρ0
∑
pml
Ψpml(rs)Ψˆpml(r), |rs| > |r|
= i
∑
pml
Ψpml(r)Ψˆpml(rs). |r| > |rs| (2.10)
Where,
ρ0 is the density of the layer containing the origin,
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ρs is the density of the layer containing the source.
It should be noted that the source position, rs, or the receiver position, r, are con-
tained within a homogeneous region around the origin.
Wave propagation in the interior of the scatterer can be similarly represented by
free-ﬁeld Green's dyadic ¯G(rs, r), the expression for which is described in [1]. Also,
the additional basis functions needed to describe the displacements in the interior of
the scatterer are described in the same reference.
The ﬁnal step to formulate a T matrix representation is to identify the surface
integral representation of the Helmholtz equation representation for the interior and
exterior ﬁelds of the scatterer. The surface integrals proposed in [17] were modiﬁed
to include the fact that the Green's dyadic used for exterior propagation should be
so chosen that all the boundary conditions are satisﬁed in order to avoid extending
the surface integrals over the interfaces. The resulting integral took the form
uinc(r) +
1
ω2
∫
S
(
k′
3
ρ′
)
[u+(r
′).(nˆ.E(r′, r))
− t+(r′).G(r′, r)]dA′ =
 u(r), r outside S,0, r inside S. (2.11)
− κ¯
3
ρ¯ω2
∫
S
[u−(r′).(nˆ.E¯(r′, r))− t−(r′).G(r′, r)]dA′
=
 u(r), r inside S,0, r outside S. (2.12)
Where,
k′ is the wavenumber at the exterior of area element dA′ on S,
uinc(r) is the component of the displacement due to the incident ﬁeld,
nˆ is the outward normal unit vector to S at dA′,
u± is the total displacement on S as it is approached from inside(−) or outside(+),
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t± is the total surface traction on S,
E is the exterior Green's stress triadic,
E¯ is the interior Green's stress triadic.
The expressions for the surface tractions and Green's stress triadics can be found in
[1].
The total acoustic ﬁeld can be represented as the superposition of Green's dyadic
component and the part scattered by the obstacle. In the derivation of the scat-
tered ﬁeld, it was assumed that the total incident ﬁeld results from the superposition
of many point sources. The following equations describe the incident, interior and
scattered ﬁeld due to point source incidence,
uinc(r) =
∑
pml
αpml(rs)Ψˆpml(r), (2.13)
uint(r) =
∑
τpml
βτpml(rs)Φˆτpml(r), (2.14)
uscatt(r) =
N∑
j=1
∑
pml
γ
(j)
pmlΨpml(r− d(j))
≡
N∑
j=1
[uscatt(r− d(j))](j), (2.15)
The important thing is to note the way the scattered ﬁeld is represented, as a
superposition of contributions scattered from each segment j bounded by S(j) in the
corresponding penetrated layer (ﬁgure 2-2). It is assumed that the expansion of the
ﬁeld scattered by segment j will converge for r outside the sphere centered on d(j) and
circumscribing this segment. Since, Eq.(2.15) is generally not expected to converge
on the surface S of the obstacle, a mathematical representation of Huygen's principle
is used to satisfy the boundary conditions at the surface. The expression for T matrix
is obtained by satisfying the boundary conditions and by expressing coeﬃcients γ(j)pml
in terms of αpml(rs) as illustrated in [1].
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Figure 2-2: An approach to determine the ﬁeld scattered by an obstacle that pene-
trates three layers of a plane-stratiﬁed host. The ﬁeld scattered by the segment in
each layer is superposed to form the total scattered ﬁeld [1].
2.4 Properties of Lamb Waves
Lamb Waves are elastic perturbations propagating in solid layers with free bound-
aries, for which displacements occur both in the direction of wave propagation and
perpendicular to the plane of the plate. In that sense they represent elastic normal
modes in an elastic waveguide. The theory of Lamb waves is completely described
in [18] but a few important formulas and concepts are presented here for illustration
purposes.
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Figure 2-3: Propagation of a plane harmonic Lamb wave in a plate.
The theory is developed for the case of a plane harmonic Lamb wave propagating
in a plate of thickness 2d in the positive x direction as shown in ﬁgure 2-3. The
scalar displacement potential, φ, representing the longitudinal wave and the vector
displacement potential, ψ, representing the transverse wave can be written as
φ = As ch qze
ikx +Ba sh qze
ikx, (2.16)
ψ = Ds sh sze
ikx + Ca ch sze
ikx, (2.17)
where,
As, Ba, Ca, Ds are arbitrary constants,
k is the Lamb wave number,
q =
√
k2 − k2l ,
s =
√
k2 − k2s .
The Amplitudes As, Ba, Ca, Ds can be solved from the following set of linear ho-
mogeneous equations which are obtained by requiring the stresses, σXZ and σZZ on
the planes z = ±d to go to zero,
(k2 + s2) ch qdAs + (k
2 + s2) sh qdBa + 2iks sh sdCa + 2iks ch sdDs = 0;
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(k2 + s2) ch qdAs − (k2 + s2) sh qdBa − 2iks sh sdCa + 2iks ch sdDs = 0;
2ikq sh qdAs + 2ikq ch qdBa − (k2 + s2) ch sdCa − (k2 + s2) sh sdDs = 0;
−2ikq sh qdAs + 2ikq ch qdBa − (k2 + s2) ch sdCa + (k2 + s2) sh sdDs = 0;
Solving the above system of equations we get expressions for the scalar and vector
displacement potentials,
φ = As ch qsze
iksx +Ba sh qaze
ikax; (2.18)
ψ =
2iksqs sh qsd
(k2s + s
2
s) sh ssd
As sh ssze
iksx +
2ikaqa ch qad
(k2a + s
2
a) ch sad
Ba ch saze
ikax, (2.19)
where,
qs,a =
√
k2s,a − k2l ;
ss,a =
√
k2s,a − k2t .
The displacement components U andW along x and z axes, respectively are given
as,
U = Us + Ua; (2.20)
W = Ws +Wa. (2.21)
Where,
Us = Aks
(
ch qsz
sh qsd
− 2qsss
k2s + s
2
s
.
ch ssz
sh ssd
)
ei( ksx−ωt−
pi
2
); (2.22)
Ws = −Aqs
(
sh qsz
sh qsd
− 2k
2
s
k2s + s
2
s
.
sh ssz
sh ssd
)
ei( ksx−ωt); (2.23)
Ua = Bka
(
sh qaz
ch qad
− 2qasa
k2a + s
2
a
.
sh saz
ch sad
)
ei( kax−ωt−
pi
2
); (2.24)
Wa = −Bqa
(
ch qaz
ch qad
− 2k
2
a
k2a + s
2
a
.
ch saz
ch sad
)
ei( kax−ωt); (2.25)
Here A and B are new arbitrary constants.
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The above expressions for the displacement components describe two groups of
waves both of which can propagate independently of each other and each of which
satisﬁes the wave equations with the boundary conditions. The ﬁrst group of waves,
indicated by subscript, s, describes waves in which the motion occurs symmetrically
with respect to the plane z = 0 (i.e., the displacement U has the same signs whereas
the displacement W has opposite signs in the upper and lower halves of the plate).
The second group, indicated by the subscript a, describes waves in which the motion
is antisymmetrical with respect to z = 0 (i.e., the displacement U has opposite signs
whereas the displacement W has the same signs in the upper and lower halves of the
plate). The waves of the ﬁrst group are called symmetric Lamb waves while those of
the second group are called antisymmetric Lamb waves.
This discussion is important because target classiﬁcation and detection in this
thesis is based on the arrival times of antisymmetric Lamb waves which are generated
when the acoustic waves hit the target. Once formed these waves travel around the
target in a direction consistent with phase matching which are then captured by the
hydrophones placed along the arc of a dome. The symmetric Lamb waves on the other
hand are not that prominent [19]. They get reradiated according to Snell's Law.
For an object of ﬁnite thickness, say 2d, and at a particular frequency, ω, only a
ﬁnite number of symmetric and antisymmetric Lamb waves can exist diﬀering from
each other by their phase and group velocities and distribution of displacements and
stresses throughout the thickness. The number of symmetric waves are determined
by the number of real roots (eigenvalues of wave number k) of the characteristic
equation,
(k2 + s2)2 ch qd sh sd− 4k2qs sh qd ch sd = 0; (2.26)
and the number of antisymmetric waves are determined by the number of real roots
of,
(k2 + s2)2 sh qd ch sd− 4k2qs ch qd sh sd = 0; (2.27)
For ωd → 0, Eq.(2.26) and Eq.(2.27), each have a single root which corresponds
to the zeroth symmetric normal mode, designated as S0, and zeroth antisymmetric
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normal mode, designated as A0. As ωd increases, the roots ks0 and ka0 vary and for
deﬁnite ratios of ω and d, known as `critical' frequencies and thicknesses, new roots
appear and we obtain higher order modes (S1, S2, ..., SN) and (A1, A2, ..., AN).
As S0 and A0 normal modes are generally prominent and used extensively for
target detection, a further discussion about their properties are presented here. They
diﬀer qualitatively from all other modes in their velocity dispersion curves and in
that they exist for any frequency and thickness. For small plate thicknesses, they
represent longitudinal (S0) and ﬂexural (A0) waves in a thin plate. The displacement
components are obtained as limiting conditions for Eqs. (2.22) - (2.25)
Us0 = Akt
k2s − s2s
k2s + s
2
s
1
ktd
sin (ksx− ωt), (2.28)
Ws0 = Akt
qs(k
2
s − s2s)
kt(k2s + s
2
s)
z
d
cos (ksx− ωt), (2.29)
Ua0 = Bkt
ktz
2
sin (kax− ωt), (2.30)
Wa0 = Bkt
kt
2ka
cos (kax− ωt). (2.31)
The longitudinal displacement, U , dominates in the longitudinal wave while the
transverse displacement,W , dominates in the ﬂexural wave. In the longitudinal wave,
the longitudinal displacement amplitude is the same at all the points of the plate.
The displacement in the transverse direction due to Poisson eﬀect is less than the
longitudinal displacement by a factor of approximately 1/ktd. It is maximum at the
surface and is equal to zero at the median plane of the plate. In the ﬂexural wave, the
amplitude of the transverse displacement is the same at all the points of the plate.
The longitudinal displacement is equal to zero in the median plane and is a maximum
at the surface of the plate. On an average, it is less than the transverse displacement
by a factor of 1/kad.
The phase velocity, c, is the fundamental characteristic of a Lamb wave. The wave
number, stresses and displacements at any point on the plate can be determined once
the phase velocity is known. Also the group velocity is a function of the phase velocity.
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For the symmetric mode, it is obtained from the following characteristic equation,
tan
√
1− ζ2d¯
tan
√
η2 − ζ2d¯ = −
4ζ2
√
1− ζ2√η2 − ζ2
(2ζ2 − 1)2 , (2.32)
For the antisymmetric mode, the characteristic equation is given by,
tan
√
1− ζ2d¯
tan
√
η2 − ζ2d¯ = −
(2ζ2 − 1)2
4ζ2
√
1− ζ2√η2 − ζ2 . (2.33)
Where, d¯ = ktd; ζ2 =
c2t
c2
; η2 = c
2
t
c2l
.
The phase velocities of the nonzero modes vary from inﬁnity to c→ ct. The group
velocities vary from zero and even negative values to values near ct. A negative group
velocity implies that the phase and group velocities of the given wave are in opposite
direction. For certain modes there can be several maxima in the group velocity, the
value of the largest maximum increasing with the order number of the wave and
approaching cl.
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Chapter 3
Acoustic Wave Scattering from
Elastic Spheres and Spherical Shells
3.1 Background
Acoustic wave scattering from underwater elastic objects yields information that can
be used for identifying and detecting them. But when they are buried in sediments,
it gets complicated as one needs to consider other factors like the interaction of the
insoniﬁcation beam with the water-sediment interface, object-interface interactions
resulting in multiple scattered ﬁeld, modiﬁcations to the acoustic response of the
object due to sediment loading and eﬀects due to other intrinsic properties of the
sediment. In a real environment, attenuation in the sediment diminishes the strength
of object-interface interactions but the static loading eﬀects remain unaﬀected.
Buried objects are largely undetectable by high frequency sonars, due to low levels
of energy penetrating into the sediment, in particular at subcritical insoniﬁcation
angles. Supercritical insoniﬁcation has been limited by small area coverage in shallow
water. Critical angles are typically 20−30 degrees causing the range coverage of such
sonar to be twice the ocean depth. It is now known that the subcritical penetration
depth is inversely proportional to frequency in an exponential manner [5]. So low
frequency sonar concept is a good option. The ﬂip side, however is reduced resolution
at lower frequencies making traditional classiﬁcation by imaging impossible, raising
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the need for alternative classiﬁcation clues to keep false alarm rates acceptable.
The use of acoustic target signatures for classiﬁcation could be a realistic alterna-
tive, in particular in the mid frequency regime 1 < ka < 10 (k is the wavenumber in
the medium and a is the radius of the target) where the structural signatures are rich
in information about target shape and composition, as demonstrated by analysis of
scattering by elastic shells, such as spheres and cylinders [20],[21]. But of course for
that the relationship between target characteristics and acoustic scattering has to be
well understood.
Resonance Scattering theory can be used to link both the position and damping of
the target resonances to the geometrical and physical properties of the elastic objects
and some attempts have been made to to set up target classiﬁcation schemes based
on analysis of resonance spectrum. In these and other studies, the characterization
of the scattering problem was mainly done in frequency domain.
In Mine Counter Measures (MCM) applications, resonance of man-made elastic
targets is a pivotal concept that distinguishes them from rocks or other clutter that
may have a similar mine like shape. Nevertheless, burial of an elastic target in the
seabed results in modiﬁcations of the scattered response caused by diﬀerent physical
mechanisms, geometric constraints and intrinsic properties of the sediment. While
considerable attention has been given to the problem of scattering from submerged
shells and some attention to scattering from partially buried shells, ﬂush buried shells
have been rarely investigated as they are diﬃcult to detect and their complete burial
makes it diﬃcult to analyze the shell response in the water column.
While much of the earlier attention in the sonar community focused on investigat-
ing the modes of energy coupling in the sediment through both the seabed roughness
scattering and the frequency selective phase matching from the ripple structure [5],
much of the attention now is devoted to the analysis and classiﬁcation of sediment
altered elastic target scattering response. As lower frequencies posses better sediment
penetration properties due to lower attenuation as well as slowly decaying evanescent
ﬁeld below the seabed interface, they become a preferred choice for detection of buried
objects using subcritical incidence. In addition, at lower frequencies, man-made tar-
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gets such as elastic shells, support the excitation and radiation of strong structural
waves and resonances that create a speciﬁc acoustic signature that distinguishes them
from other objects and therefore can be used in the detection and classiﬁcation of
targets.
The physics of scattering depends on the nature of elastic waves excited on the
shell. For solid, metallic targets buried in a sediment layer, the waves generated are
supersonic in nature and neither the sediment loading nor the presence of water-
sediment interface has much of an eﬀect on these waves. For thin shells, however,
there are two elastic waves at low frequencies, the lowest antisymmetric and symmetric
Lamb modes of the shell.
The problem of acoustic wave scattering from elastic objects of spherical shapes
has attracted the attention of acousticians for a long time as it is the only three
dimensional object for which the exact solution can be derived. This makes them
natural benchmarks for studying scattering from arbitrary shaped objects. Attention
was mainly paid to the investigation of the form function and the time dependence
of the scattered pressure.
The interpretation of experimental data for complex real structures are often done
in terms of behaviors of rings and helical ray paths and so analysis of geometries like
spheres and cylinders play an important role in the understanding of fundamental
physics of interaction of acoustic waves with real structures. Furthermore, the com-
plex real geometries can generally be decomposed into simple geometries representing
spheres and cylinders and so hybrid and numerically more stable solutions can be de-
veloped by properly coupling the simple solutions.
The scattered ﬁeld in an inﬁnite medium is described theoretically mainly by the
free-ﬁeld T matrix [22]. In principle, such solutions to the scalar Helmholtz equation
allow the object to be quite general although, in practice, the applicable geometries
may only include those for which the convergence of its T -matrix representation is
guaranteed in a chosen basis set. The development of T matrix solution for the case
of more general bounded region is given in [23].
Numerical results on scattering by elastic spheres, in the past, have been mainly
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obtained by the summation of Rayleigh series over eigenfunctions and by the Sommerfeld-
Watson Transformation. The key elements of both of these approaches have been cap-
tured by the Resonance Scattering Approach which searches for resonance frequency
of partial-wave modes from a characteristic equation and then converts the summa-
tion index n into a complex variable. The Resonance Scattering Theory applicable
to spheres has been outlined below in Section(3.5) and the references cited there are
a good source for gaining comprehensive knowledge on the subject.
3.2 Theory
The discussion on theory of scattering by a solid elastic sphere is important as the
equations for a spherical shell follow easily, once the equations for the case of solid
sphere have been derived. The complete analysis and extensive experimental and
simulated results have been outlined in [24] and [25]. Some important equations
and there derivations have been outlined below for comprehensive treatment of the
subject.
The general solution to the Helmholtz equation in spherical coordinate system is
given by,
P =
∞∑
n=0
AnPn(cos θ)
 jn(kr)
ηn(kr)
 e−iωt, (3.1)
This is also called the modal series solution or partial wave series. Where,
An =Coeﬃcients determined by boundary conditions,
Pn =Legendre polynomial of order n,
jn =Spherical Bessel function of ﬁrst kind,
ηn =Spherical Bessel function of second kind.
The incident,transmitted and scattered pressure ﬁeld expanded in terms of the
spherical harmonics yield,
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Pinc = P0
∞∑
n=0
in(2n+ 1)Pn(cos θ)jn(k1r), (3.2)
Ptrans =
∞∑
n=0
AnPn(cos θ)jn(k2r), (3.3)
Pscatt =
∞∑
n=0
BnPn(cos θ)h
(1)
n (k1r). (3.4)
The properties of Bessel functions and Hankel functions can be referenced in
[26]. The coeﬃcients An and Bn are found by satisfying the diﬀerent boundary
conditions (soft or rigid etc.). Also, for spherical shells the above equations need to
be reformulated for each media. The expression for scattered pressure for the case of
a rigid sphere is,
Pscatt = −P0
∞∑
n=0
(i)n(2n+ 1)
1 + iCn
Pn(cos θ)h
(1)
n (k1r). (3.5)
Where, Cn is given by,
Cn =
j′n(k2a)
j′n(k1a)
ηn(k1a)
jn(k2a)
− ghη′n(k1a)
j′n(k1a)
j′n(k2a)
j′n(k1a)
jn(k1a)
jn(k2a)
− gh . (3.6)
Where,
g = ρ2
ρ1
is called the mass density contrast,
h = c2
c1
is called the speed of sound contrast.
Here, the subscript ‘2′ refers to the medium in which the transmitted wave travels.
The expression for scattered pressure can be simpliﬁed using diﬀerent approximations
like near ﬁeld or far ﬁeld and meaningful inferences can be derived, details of which
are given in [24] and [25].
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3.3 Scattering from an Evacuated Elastic Spherical
Shell
A
D
C’
B’
B
a
b
bl
FL
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θl
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C
Figure 3-1: Ray diagram of the Lamb wave contributions to back scattering from a
spherical shell. The incoming plane wave couples to the lth class of Lamb wave which
then reradiates backward. These reradiated waves appear to originate from a virtual
ringlike source, which is traced out when Fl is rotated around the C ′C axis [2].
The theory outlined here is cited in [27] and presented here for completeness of the
subject.
Considering plane wave incidence on the spherical shell, the partial wave expansion
of the incident and scattered waves are, respectively, given as,
Φinc(r) =
∑
m
amjm(kr)Pm(cos θ), (3.7)
and
Φscatt(r) =
∑
m
bmhm(kr)Pm(cos θ). (3.8)
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Where,
jm is the spherical Bessel function,
hm is the Hankel function of ﬁrst kind,
Pl is the Legendre polynomial.
The expansion coeﬃcients for an outgoing wave is given as
bm = Tmam, (3.9)
For an incident plane wave,
am = i
m(2m+ 1). (3.10)
Here, Tm is the partial wave, free-ﬁeld T matrix.
The expansion of the vector ﬁeld in the shell is obtained by decomposing the
displacement into its longitudinal and transverse components and then expanding
them in terms of the scalar and vector potentials. The unknown expansion coeﬃcients
(i.e, the partial wave T matrix) are determined by imposing boundary conditions at
the inner and outer surface of the shell and eliminating the expansion coeﬃcients. The
detailed theory and ﬁnal expressions can be found in [27]. The required conditions
at the outer surface are,
n.u+ = n.u−; n.t+ = n.t−; n× t− = 0, (3.11)
and at the inner surface it is t = 0,where,
u is the displacement,
n is the outward normal,
t is the surface traction.
In scattering physics, low frequency region is characterized with an acoustic wave-
length that is comparable to shell diameter. At low frequencies, there are two modes
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that propagate on a spherical shell in vacuum and the dispersion curves for both
the modes strongly depend on the thickness of the shell. The mid frequency region
is characterized by the fact that the acoustic wavelength is small compared to shell
radius but large compared to shell thickness. In this frequency range there are still
two modes that propagate but both of them are independent of shell geometry and
are spherical equivalent of ﬂat plate Lamb waves. They are the A0 and S0 waves.
Finally, the high frequency region is characterized by an acoustic wavelength that is
at most of the order of shell thickness. In this region there are many elastic modes
which are dependent on shell thickness.
3.4 Wave Propagation in Spherically Stratiﬁed Me-
dia
Considering a spherical coordinate system with the polar axis θ = 0 passing through
the source at radius r0 in layer m, the ﬁeld in that isotropic and elastic layer is
governed by the Helmholtz equations,
∇2φ(r, θ) + h2l φ(r, θ) = −
δ(r − r0)δ(θ)
2pir2 sin(θ)
, (3.12)
∇2ψ(r, θ) + k2l ψ(r, θ) = 0, (3.13)
where,
hl is the compressional wave number,
kl is the shear wave number.
The compressional and shear potentials can then be expressed as a linear combination
of homogeneous and particular solutions,
φ(r, θ) = φ˜(r, θ) + φˆ(r, θ), (3.14)
ψ(r, θ) = ψ˜(r, θ). (3.15)
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Where,
φ˜ and ψ˜ are the homogeneous solutions and,
φˆ is the particular solution referring to the source term.
Decoupling the Helmholtz equation into r and θ components by applying the
Legendre Transform Pair, the homogeneous solutions are obtained as follows,
φ˜(r, θ) =
∞∑
n=0
(
n+
1
2
)
[Cjm(n)jn(hr) + C
h
m(n)h
(2)
n (hr)]Pn(cosθ), (3.16)
ψ˜(r, θ) =
∞∑
n=0
(
n+
1
2
)
[Djm(n)jn(kr) +D
h
m(n)h
(2)
n (kr)]Pn(cosθ). (3.17)
Where, Cjm(n), C
h
m(n), D
j
m(n) and D
h
m(n) are arbitrary constants and n represents
angular wavenumber. The reason for choosing jn and h
(2)
n as independent solutions
is that not only they are theoretically independent but also numerically. Also, they
satisfy the ﬁeld condition at r = 0 and r =∞.
Similarly the particular solution can be shown to be
φˆ(r, θ) =
∞∑
n=0
(n+ 1
2
)Pn cos θ
r20
×

2h−1h(2)n (hr0)jn(hr)
j′n(hr0)h
(2)
n (hr0)−jn(hr0)h(2)
′
n (hr0)
r 6 r0
2h−1jn(hr0)h
(2)
n (hr)
j′n(hr0)h
(2)
n (hr0)−jn(hr0)h(2)
′
n (hr0)
r > r0
(3.18)
The Coeﬃcients can be determined by satisfying the Boundary Conditions con-
cerning displacements and stresses in a way that is similar to the Direct Global Matrix
(DGM) Approach cited in [8] and [28] and references contained therein. This is due to
the fact that for large arguments, jn(hr) and h
(2)
n (hr) are both oscillating and decay-
ing and for smaller arguments, jn(hr) increases while h
(2)
n (hr) decreases as a function
of the square root of the argument. Therefore, the spherical Bessel functions are qual-
itatively equivalent to the two exponential solutions of the plane stratiﬁed problem.
This similarity led to the solution of the spherical problem using a DGM solution by
factorizing and mapping of the spherical Bessel function by their asymptotics.
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3.5 Resonance Scattering Theory applied to Elastic
Spheres
INCIDENCE
 X
 X
Z
Z
RECEIVER
SCATTERING
φ
φ
R
INC
Figure 3-2: Schematic of incident and scattering geometry [3].
Plane-wave acoustic scattering from an elastic sphere of radius a is described in this
section using the Resonance Scattering Theory. The theory is developed in parallel
with the description given in Ref. [29] and could be referred for detailed discussion.
Target parameter estimation using the Resonance Scattering Theory is outlined in
the next section. The incident ﬁeld is given by,
Pinc =
∞∑
n=0
(2n+ 1)injn(kr)Pn(cos θ), (3.19)
and the scattered ﬁeld is given as
Pscatt =
1
2
∞∑
n=0
(2n+ 1)in(Sn − 1)h(1)n (kr)Pn(cos θ), (3.20)
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where the scattering function Sn = e2iδn . The scattered ﬁeld can also be represented
as,
Pscatt ≈ (a/2r)eikrf(θ), (3.21)
where,
h(1)n (kr) ≈ (1/kr)i−n−1eikr, (3.22)
f(θ) =
∞∑
n=0
fn(θ). (3.23)
Thus the form function can be expressed as an inﬁnite sum where,
fn(θ) = (2/ka)(2n+ 1)e
iδn sin (δn) Pn(cos θ). (3.24)
The scattering function of sphere is obtained as
Sn = S
(s)
n (Ln − z2)/(Ln − z1) (3.25)
= S(r)n (L
−1
n − z−12 )/(L−1n − z−11 ), (3.26)
where,
S(s)n = −
h
(2)
n (X)
h
(1)
n (X)
≡ e2iζ(s)n , (3.27)
S(r)n = −
h
(2)′
n (X)
h
(1)′
n (X)
≡ e2iζ(r)n . (3.28)
The superscripts s and r, respectively, denote equations for soft and rigid spheres.
Finally, since the above formulation is formally equivalent to the cylinder case, ex-
plained in detail in the next chapter, only the ﬁnal expression for the partial wave
form function is given. Thus, for the case of a rigid background it is,
fn(θ) =
2
ka
(2n+ 1)e2iζ
(r)
n
[
1
2
Γ
(r)
n
X
(r)
n −X − 12iΓ(r)n
+ e−iζ
(r)
n sin ζ(r)n
]
Pn(cos θ). (3.29)
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3.6 Estimation of Target Characteristics
The resonance scattering theory can be used for detecting the geometric parameters
of the target, the method to do so for some of them are explained below,
3.6.1 Outer radius estimation
To determine the outer radius accurately, at least three resonance frequencies of the
Scholte-Stoneley wave family need to be identiﬁed. Then the frequency distance
between the adjacent nodes, ∆fAn , needs to be found out. When the Scholte-Stoneley
wave speed tends to approach the outer ﬂuid sound speed, detection of this wave
family becomes easy and the resonance frequencies are almost equidistantly spaced.
Hence, the average distance between the successive resonances can be taken as the
value for ∆fAn . The outer radius is then given by the relation
a ≈ c0Kref
∆fA2pi
, (3.30)
where,
Kref =
∆fAref2piaref
c0,ref
. (3.31)
The radius estimate is more precise if c0,ref is chosen close to c0, which is the sound
speed in the external ﬂuid medium.
3.6.2 Shell material estimation
Once the S0 frequency modes fS0n (n = 1, 2, ...), and the estimate of the distance ∆f
S0
n
between adjacent frequencies of modal orders n and n−1 are detected and identiﬁed,
the shell material membrane speed, c∗, can be determined from the following equation,
c∗ ≈ 2pia∆fS0n , (3.32)
where the outer radius a must be known. Due to the nondispersivenss of the S0
waves, ∆fS0n can be replaced by ∆f
S0 , which is the average distance between adjacent
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resonances.
3.6.3 Shell thickness estimation
The shell thickness is estimated from the following equation,
d ≈ co
2pifme
, (3.33)
where, fme is the maximum energy peak inside the strong-bending region, which
approximately corresponds to the coincidence frequency f c.
3.7 Literature Review
The earliest investigation on scattering from elastic spherical shells started in the
early 1950's and focused on separating the "rigid body scattering" and "radiation
scattering " components which became the central theme to study scattering from
elastic objects. First comprehensive study on theoretical study of steady state and
transient solutions utilizing the linearized equations of motion for the spherical shell
was given by Goodman and Stern [30] and used by Hickling [31], which associated the
cause of elastic reradiation of shell with the presence of a ﬂexural wave that propa-
gates around the shell. The concept formed the essence of resonance scattering theory,
which, of course was used extensively later on for target classiﬁcation and detection.
Subsequent articles focused on reﬁning the concept of resonance acoustic theory. The
fundamental idea behind such work was to isolate the reradiation component from
the total scattered solution by subtracting a background contribution. Green et al.,
[32],[33],[34] used the solution for a rigid, movable sphere as this background. How-
ever, the form function obtained after subtracting the background component still
contained appreciable nonresonant component which was regarded as a measure of
the compliance of the shell. The above articles, although laid out a sound theoretical
approach, failed to give convincing and consistently reliable results.
The other issue concerning the physics of scattering from spherical shell deals
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with the isolation and analysis of resonant excitations of the system. Green et al.,
[32],[33],[34] found that the dispersion curve of the mode which is the spherical equiva-
lent of the antisymmetric Lamb wave on a plate bifurcates at the transition frequency
where the vacuum dispersion curve transitions from subsonic to supersonic velocity.
The behavior after bifurcation was however not clear as the complete isolation of scat-
tering resonances from the nonresonant response of the shell was not possible. This
bifurcation was also observed by Sammelmann et al., [27] who carried out analysis
of acoustic scattering from a submerged, elastic spherical shell based on a Cauchy
determination of the pole structure of the scattering amplitude. The study could
explain the characteristics and eﬀects of ﬂuid loading on the dynamic characteristics
of shell in vacuum. Since, the acoustic and elastic wavelengths are small compared
to the radius of curvature near the region of transition frequency, it was conjectured
that the bifurcation must occur with all geometries. However, at low frequency, the
nature of the coupled ﬂuid elastic waves that propagate along a shell depends on
the shell geometry and thickness. Also, an important ﬁnding in this study was the
elastic nature of some modes in a certain frequency region and diﬀractive in some
other which questions the very essence of resonance theory in the case of nonsepara-
ble geometries. The exact association of poles with the elastic and diﬀractive degrees
of freedom was dealt in subsequent articles by the same authors but are not of much
interest in the present thesis.
The term "Lamb Waves" per se refers to waves on a plate in vacuo. Acoustic
resonance experiments, however, have always been conducted on air-ﬁlled shells im-
mersed in an ambient ﬂuid. So, there are other ﬂuid borne waves that are excited
which cannot be predicted by Lamb waves alone. These however, could be predicted
by the knowledge of waves that are generated on a plate which is subject to diﬀer-
ent loading on either sides. The characteristic equation for a plate placed between
a liquid and vacuum has been derived by Grabowska [35]. The dispersion curves of
waves on a plate between two diﬀerent ﬂuids were obtained by Talmant. The plate
results (where the plate was subjected to one sided ﬂuid loading) were then used
to predict the dispersion curves for the corresponding shell waves on thin spherical
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shells by Talmant et al., [36]. They could establish the presence of ﬂuid borne A wave,
which was also termed as "creeping wave" by Green et al., and a low-speed shell wave
(Junger's j = 1 branch of shell vibrations), which has no plate counterpart. It is
interpreted as the low-frequency end of the A wave on the shell. It was found that
toward lower frequencies, as the A0 Lamb shell wave speed descends toward the sound
speed of the ﬂuid, c, it nearly merges with the A wave and hence, bifurcation of the
dispersion curves occur. At higher frequencies, after the bifurcation, A0 wave turns
supersonic and approaches the Rayleigh wave speed but the A wave remains always
subsonic. Therefore, their phase speed curves start from zero, diverge initially and
then converge toward each other near the coincidence frequency of the ﬂexural wave
and then diverge gain. For the S0 wave, it was found that the curvature correction
had its aﬀect on the ﬁrst three resonance overtones and their resonances were widely
but regularly spaced and were narrow. The resonances of A wave were found to be
more closely but less evenly spaced and got wider with increase in frequency. The
resonances of A0 wave too were wide but they were not easily visible. They could be
discerned only with the partial wave plot of the form function. The presence of A
wave was also reported on ﬂuid-loaded, air-ﬁlled cylindrical shells. The properties of
these waves as obtained from scattering from thin spherical shells submerged in water
have also been studied by developing diﬀerent types of sources to insonify the target.
One such broadband pressure impulse source was developed by Kaduchak et al., [37]
and could be referred for further details. Also, Wingham et al., [38] investigated
theoretically and experimentally the penetration of parametric beams into sediments
in detail which could be referred for further studies on the usefulness of parametric
sources and how they diﬀer from conventional sources.
Throughout the 1980's authors such as Kargl and Marston [2] have made obser-
vations and done modeling of the back scattering of the short tone bursts from elastic
spherical shells in terms of Lamb wave returns, axial reverberations and glory eﬀects
often using a generalization of the Geometric Theory of Diﬀraction to elastic objects
in water. To a large extent theoretical analysis focusing on the scattering from elastic
shells near boundaries has dealt with how the free-ﬁeld resonance structure of the shell
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is inﬂuenced by sediment loading and interface interactions. The origin of modiﬁca-
tions to the resonance structure giving rise to the classically observed symmetric and
antisymmetric Lamb modes on thin shells and plates is discussed in [39], [40] and [14].
The same authors did substantial work in developing a multiple-scattering approach
for studying scattering from a target in a range-independent oceanic waveguide [39].
A T -matrix formulation to the scattering problem was developed by them and it was
applied to a target near a soft boundary and in a waveguide with a single, homoge-
neous ﬂuid layer over a homogeneous, ﬂuid half-space. Their method, though, did not
oﬀer any advantage for the case of complicated waveguides. In a separate work by the
same authors, they also reported that acoustic scattering resonances from an elastic
spherical shell in a homogeneous, range-independent waveguide depend not only on
the spectrum of the vacuum eigenvibrations of the target but also on the acoustic
environment. Their model however neglected bottom penetration and refraction due
to variable sound speed which greatly limited their model applications to one or two
layered homogeneous waveguides. Detailed results could be referred in [40].However,
they addressed this issue in [14] in which a T -matrix formulation was developed for
acoustic scattering in an inhomogeneous waveguide. The formalism is applicable to
general geometries and the normal mode model of propagation in a waveguide was
considered. In contrast, Fawcett et al., [3] used a single scattering method to model
scattering from spheres lying on a seabed and compared their results with the full
multiple scattering solution. A good agreement was found in the time domain for the
frequencies considered. Also, it was found that for shallow incidence and receiver an-
gles, the amplitude and shape of the back scattered signal were signiﬁcantly aﬀected
by the seabed.
Lim et al., [23] carried out extensive theoretical and experimental studies on scat-
tering by objects buried in underwater sediments. They found out that the ﬁrst
antisymmetric Lamb wave of a spherical shell in vacuum bifurcates into two disper-
sive modes upon ﬂuid loading. Of these two modes, the one that has the strongest
inﬂuence on acoustic scattering amplitude is a subsonic wave; i.e., its dispersion curve
lies below the sound speed of host ﬂuid. At low frequencies, this wave is ﬂexural and
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the eﬀect of ﬂuid loading is purely inertial as opposed to radiative. Also a shift of
the low-frequency resonances associated with the antisymmetric Lamb wave was ob-
served. This is because the inertial loading is much greater when the shell is buried
due to large relative density of the sediment. Consequently, the phase velocity of the
antisymmetric mode decreases and the resonance positions shift to lower frequency.
The shift of resonance due to the water-sediment interface was found to be opposite
in nature. The presence of a soft boundary decreases the eﬀective inertial loading of
an elastic shell by reﬂecting a wave compressionally out of phase with the incident
scattered wave; consequently, the average phase velocity of a subsonic ﬂexural wave
increases, shifting the resonance to a higher frequency. It was also observed that
the mid-frequency enhancement, which has been predicted to occur near the criti-
cal coincidence frequency of thin shells in water [41], was eﬀectively removed in an
attenuating sediment for a thin spherical shell case. In general, when an object is
buried in sediment, the additional inertial loading due to the sediment depresses the
dispersion curve of a ﬂexural Lamb wave. This, coupled with the higher sound speed
of the sediment causes the point at which the ﬂexural phase speed approaches that
of the diﬀracting ﬁeld to shift to a higher frequency. This results in strong coupling
of acoustic and elastic waves and gives rise to midfrequency enhancement. But, be-
cause of the greater decay of the circumnavigating acoustic ﬁeld in the sediment, the
enhancement disappears. It was also observed that on the high-frequency side of the
enhancement, there are periodic scattering variations in the pattern for a thin shell in
water, primarily due to the interference between subsonic guided waves and specular
reﬂection.
In the same study it was found that the sensitivity to the burial depth is not as
apparent, in the case of the symmetric Lamb wave, as this wave is weakly coupled to
the interface at low frequency. It should be noted that the ﬁrst symmetric Lamb wave
of a spherical shell is supersonic and longitudinal in nature that exhibits very little
dispersion except at low frequencies. The study did not, however, include sediment's
shear rigidity and porosity which can give rise to shear waves and compressional waves
that transport signiﬁcant amount of energy at low grazing angles.
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Detailed theoretical and numerical investigation into the scattering from spherical
inhomogeneities using the T Matrix Approach was carried out by Kristenssön and
Ström [42]. They carried out numerical computation involving a diagonal T (1) ma-
trix and provided results for a selection of media contrasts, sphere sizes and source
positions. They also carried out studies for nonspherical inhomogeneities and various
conﬁgurations for two spheres, having diﬀerent sizes and scattering characteristics.
The numerical procedure essentially involved evaluating the T matrix for the inhomo-
geneity, then computing the diﬀerent integrals in the expression for the scattered ﬁeld
involving Green's function and ﬁnally computing the scattered ﬁeld by computing the
sum to a suﬃcient order. The inﬁnite integrals were computed either by using the
Gauss-Laguerre quadrature or the Rhomberg scheme. The advantage of this method
was that the integrals were dependent only on the position vector and not on the
inhomogeneity or the incoming ﬁeld and so only the T matrix needs to be computed
if a diﬀerent inhomogeneity is introduced. The study on this topic was furthered by
Boström and Kristenssön. In their work [43] they studied the elastic wave propaga-
tion in elastic half space with the half space above being vacuum. They considered
the inhomogeneity as a cavity but they also considered elastic obstacles at diﬀerent
depths. The scattered ﬁeld computation was eﬃcient as most of the steps in the nu-
merical computation did not depend on the nature of the obstacle. Karlssön [44] then
used the above method for studying scattering in a multilayered medium. Numerical
results were presented for the one layer case and the case of general geometries with
arbitrary number of layers were also discussed. The solution was obtained in terms of
quantities which describe the scattering interfaces and which are independent of the
incident ﬁeld. These quantities correspond to the T matrix for the obstacle and to the
reﬂection and transmission coeﬃcients for the inﬁnite interfaces. The T matrix refers
to the cylindrical waves and the reﬂection and transmission coeﬃcients refer to plane
waves. The transformations between the cylindrical basis functions and the plane
wave basis functions were also discussed which is essential for the entire formulation.
Digressing a little from scattering, it is worthwhile to mention theoretical and
numerical developments in the ﬁeld of Underwater Acoustic Propagation, a good
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understanding of which will enable modeling of scattered wave in the far-ﬁeld. It is
known that the use of integral transform techniques yield exact solution to the wave
equation in stratiﬁed media [45]. However, the inverse transform integrals which are
used to determine the ﬁeld parameters essentially involve Hankel Transforms, direct
numerical integration of which are not sometimes possible due to the involvement
of Bessel functions. Marsh [46] overcame this problem with the introduction of the
Fast Field approximation to the Hankel transform. Essentially, in his work, the Bessel
functions were replaced by the large argument approximations of the Hankel functions.
The introduction to the fast ﬁeld technique led to the development of many numerical
methods, which became known as the fast ﬁeld programs. The ﬁrst important model
was developed by DiNapoli [47] who solved the depth dependence of the ﬁeld by
means of recurrence relations for the hypergeometric functions using the Thomas-
Haskell matrix method. However, this approach allowed only for ﬂuid layers and it
has been generally found that the Normal Mode approach [8] is better to solve such
problems. A computationally more eﬃcient technique was developed by Schmidt and
Jensen [48] which expressed the ﬁeld parameters in terms of source contributions and
unknown scalar potentials. The requirement of satisfying the boundary conditions
yield a system of equations in the Hankel transforms of the potentials. Furthermore,
the total ﬁeld generated by a distribution of sources could be found easily as such
conﬁgurations could be treated with one solution. Then, Schmidt and Glattetre [9]
modiﬁed the earlier approach to allow for sources displaced oﬀ the central axis to allow
for solving the three dimensional problems. The ﬁeld parameters were decoupled and
expanded in a Fourier series in the angular direction, leading to an inﬁnite number
of two-dimensional problems. The Hankel transforms of all the coeﬃcients of the
unknown potentials could be found with one matrix inversion for each horizontal
wavenumber. [8] can be used as a further reference to understand the Direct Global
Matrix (DGM) and Fast Field Programs.
Schmidt [28] developed a numerically stable DGM approach to the solution of the
wave equation in spherically stratiﬁed, ﬂuid-elastic media. The spherical equations
were recast into an equivalent DGM approach used for plane stratiﬁcation by factor-
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izing the fundamental spherical Bessel function. Since the factorized radial solutions
were generated by recursion, the code was extremely eﬃcient and stable. The per-
formance of the approach was then demonstrated by applying the code to study the
radiation and scattering of spherical sandwiched shells.
Speciﬁcally, the damping performance of a highly damped rubber layer sandwiched
between two spherical steel shells was measured. It was found that the scattering per-
formance of the shell is only slightly aﬀected by the rubber layer, for monochromatic
point source insoniﬁcation. This was not surprising because the damping eﬃciency
of rubber layer depends on large deformations which are primarily induced by shear
controlled waves like the subsonic ﬂexural waves but in this case the scattering was
primarily controlled by normal impedance of the shell and phase matching with the
supersonic, longitudinal wave in the shell.
Next, it was shown that the rubber layer could be an important damping fac-
tor for real structures depending on its performance in damping the propagation of
ﬂexural waves. The shells were excited with a point source at the shell surface and
the radial particle velocity on the inner shell surface was measured. It was found
that the symmetric sandwich layer is characterized by a very strong attenuation of
ﬂexural wave. This is because for an undamped shell, the maximum shear stress and
hence the maximum shear deformation appears in the center plane of the shell. But
the introduction of the rubber layer with its low shear rigidity almost releases the
shear stress in the middle, thereby, decoupling the inner and outer shell in terms of
tangential displacement and hence reducing the total shear rigidity.
Lucifredi and Schmidt [49] investigated the scattering from ﬂush and partially
buried targets in near ﬁeld bistatic conﬁguration, insoniﬁed using subcritical inci-
dence. They considered multiple scattering from and between diﬀerent objects and
interfaces in close vicinity to each other and also focused on time-frequency charac-
terization of the scattering rather than just the time domain representation. The
objective of their work was to identify, analyze and explain some of the eﬀects of
the sediment and the proximity of the sea bed interface on the scattering of sound
from partially and completely buried elastic shells. The analysis was carried out
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using focused array processing of data from the GOATS 98 experiment and a new
hybrid modeling capability combining a virtual source or waveﬁeld superposition ap-
proach with an exact spectral integral representation of the Green's functions for a
stratiﬁed ocean waveguide, incorporating all multiple scattering between the object
and the seabed. Among the principal results obtained was the demonstration of the
structural circumferential waves in converting incident, evanescent waves into back
scattered body waves, emanating to the receivers at supercritical grazing angles, in
eﬀect making the target appear closer to the sonar then predicted by the traditional
ray theory.
Based on the preliminary investigation of bistatic scattering from buried targets
[50], it has been postulated that at low frequencies(2− 5 kHz range) and subcritical
insoniﬁcation, the target scattering is dominated by the specular scattering of the
evanescent lateral wave, with the back scattering being excited by evanescent wave
tunneling, similar to the behavior of a perfectly rigid target. In contrast, at high
frequencies (10 − 15 kHz) the specular component becomes less signiﬁcant due to
shallow penetration depth of the lateral wave and instead, a signiﬁcant amount of
energy is coupled into ﬂexural, supersonic Lamb waves that radiate directly into the
sediment and subsequently transmit energy into the water column at supercritical
angles. This suggests that the traditional plane wave, ray tracing approach to and
from the target is inadequate and should be replaced by wave theory propagation
adequately coupled to the target scattering model.
Based on the results of the 1998 GOATS experiment, which demonstrated the
applicability of low-frequency methodologies based on resonance analysis to the clas-
siﬁcation of buried objects [19], it was postulated that for subcritical scattering from
ﬂush buried spherical shells, at low frequencies, back scattering is dominated by the
specular scattering of the evanescent, lateral wave. Therefore, for a subcritical receiver
in the back scattering direction, the evanescent wave is excited by wave tunneling with
exponential decay in frequency. But at higher frequencies, the specular component
becomes insigniﬁcant because of shallow penetration depth of lateral wave. However
for shallow burial depth, the target curvature near the seabed allows the evanescent
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tail to couple eﬃciently into the ﬂexural Lamb waves of which the supersonic compo-
nent radiates into the sediment and transmits into the water column at supercritical
angles. It therefore follows that the associated energy will arrive at water column re-
ceivers at angles ranging from vertical, for a receiver above the target, to the critical
angle at distant receivers. Consequently, for subcritical insoniﬁcation, the specular
arrival will be low pass ﬁltered whereas the ﬂexural Lamb wave becomes high pass
ﬁltered because of more eﬀective reradiation of the supersonic component into the
sediment and back into the water column. Studies based on the results from GOATS
experiment also suggests that at low frequency, the main contribution to the pene-
tration of sound into sediments is the evanescent coupling in combination with the
ﬁnite beamwidth eﬀect while roughness scattering provides a reasonable explanation
for the anomalous levels observed at higher frequencies. This was the ﬁrst attempt
to quantify the diﬀerent contributions to the penetration into the sediment and [5]
could be cited for further reference.
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Chapter 4
Scattering from Solid Elastic
Cylinders and Cylindrical Shells
4.1 Background
The problem of acoustic scattering from thin elastic cylindrical shells has been studied
for a long time. For the case of a shell with arbitrary shape and not-too-fast changing
loading, the solution may be obtained in a numerical form with the use of T -Matrix
method. Analytical approaches have been developed as well to understand this topic
better and among them the Resonance Scattering Approach stands out. For the two
dimensional problem, the acoustic scattering is studied in terms of the specularly
reﬂected wave and the diﬀracted (creeping) waves, analysis of which can be done
using the Watson Integral Transform. The specularly reﬂected wave is studied by
applying the saddle point method to evaluate the contour integral and the diﬀracted
waves are studied by summing the residues over poles.
Scattering from Cylindrical objects, proud or buried, in the seabed has been stud-
ied extensively using the Resonance Scattering Theory. The theory is based on the
classical resonance scattering of nuclear reactions [51], in which each individual nor-
mal mode contribution to the total scattering amplitude consists of a background
term and a series of resonance terms which interfere with the background term in the
scattering cross section. The normal mode, or the partial wave, method allows for
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the tracking of each resonance motion as a function of the mode number.
The resonance scattering theory provides classiﬁcation clues, the characteristics
of which depend on target elastic properties. Techniques have been developed for
accurately localizing resonances in the frequency domain. The extracted resonance
frequencies are then grouped into diﬀerent wave families that are excited when the
target is insoniﬁed and then processed in order to characterize the object in terms of
geometric and elastic parameters on the basis of equations derived from the theory.
The representation of the scattered ﬁeld by normal-mode series is appropriate only
at low frequencies where the response and subsequent reradiation of the object can be
visualized in terms of summation of individual modes. At higher frequencies, where
the wavelength is shorter compared to object size, the response is not easily visualized
in terms of the mode series as it converges slowly. On the other hand, it becomes easy
to visualize the response as the generation of surface waves which circumnavigate
the object and reradiate to an observer. In such situations, Sommerfeld-Watson
Transformation is generally employed which converts the normal-mode series into
three separate series, each of which converges rapidly and does not give any round-
oﬀ errors. One of the series represents the thru-waves that refract into the target
and reradiate to an outside observer, another series represents the diﬀracted Franz
or creeping waves (including the "Stoneley" wave) and the third series represents a
ﬁnite number of whispering gallery or surface waves (including the Rayleigh waves)
[52].
The Scholte-Stoneley waves are ﬂuid borne and travel around the target cross sec-
tion at the shell-ﬂuid interface with a phase speed always subsonic but asymptotically
approaching the sound speed of the outer medium, c0. At coincidence frequency, these
waves travel in phase with the A0 Lamb waves that gives rise to maximum amplitude
of the Transfer Function. The region around this energy enhancement is called the
Strong bending region. In this region, at frequencies lower than the coincidence fre-
quency, the A0 wave resonances are highly attenuated by radiation into the outer ﬂuid
and contribute very weakly while the Scholte-Stoneley waves are almost unattenuated
and identiﬁed easily by the peak-dip pairs around the coincidence frequency. The co-
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incidence frequency varies with the properties of the outer medium and shell material
shear speed but does not vary with the compressional speed or material density [53].
4.2 Theory on Scattering from Elastic Cylinders
The Resonance Scattering Theory which is discussed below brings out the fact that for
scattering at a frequency between two eigenfrequencies of vibration of the elastic body,
the scatterer appears as an impenetrable object, while at or near the eigenfrequency,
scattering resonances are excited by the incident wave and the ﬁeld penetrates into
the object. The resonance scattering often interferes with the potential or background
scattering causing strong oscillating behavior in the total scattering amplitudes.
The elastic-body resonances excited by plane acoustic waves is considered by an-
alyzing each of the partial waves in the Rayleigh series. Generally, the method of
linear approximation in frequency is used in developing the theory. The scattering
amplitudes are obtained as a sum of resonance terms and a geometric background
amplitude, while the elastic waves in the interior are found as pure resonance terms.
The theory on scattering from cylinders is given exhaustively in [24] and [29]. The
scattered ﬁeld Pscatt at a point P (r, φ) located in a ﬂuid of density ρw surrounding a
solid elastic cylinder of radius a and density ρc for plane wave incidence along the x
axis is given by,
Pscatt = −
∞∑
n=0
ni
n LnJn(X)−XJ ′n(X)
LnH1n(X)−XH(1)′n (X)
×H(1)n (kr) cos(nφ); (4.1)
Here,
n = 1 (n = 0), 2 (n > 0),
Ln =
(
ρw
ρc
)
×
(
D
(1)
n
D
(2)
n
)
,
D1n =
∣∣∣∣∣∣ a21 a23a31 a33
∣∣∣∣∣∣,
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D2n =
∣∣∣∣∣∣ a11 a13a31 a33
∣∣∣∣∣∣,
X = ka= ωa/cw,
cw is the speed of sound in water,
The matrix elements alm contain Bessel functions with arguments XL = kla =
ωa/cL and XT = kTa = ωa/cT , where cL and cT are, respectively the compressional
and transverse wave speeds in the cylinder. The exact expressions for the matrix
elements are given in [54].
The scattered pressure in Eq.(4.1) can be written as,
Pscatt =
1
2
∞∑
n=0
ni
n(Sn − 1)H(1)n (kr) cosnφ, (4.2)
Where,
Sn is the scattering function given by e2iδn ,
δn is the scattering phase shift,
It should be noted that Sn is generally written as 2Rn + 1, where Rn is given by,
Rn = − LnJn(X)−XJ
′
n(X)
LnH1n(X)−XH(1)′n (X)
, (4.3)
Depending on scattering from rigid or soft cylinder, Sn can be further written as,
Sn = S
(s)
n (Ln − z2)/(Ln − z1) (4.4)
= S
(r)
n (L
(−1)
n − z(−1)2 )/(L(−1)n − z(−1)1 ) (4.5)
where,
S(s)n = −H(2)n (X)/H(1)n (X) ≡ e2iζn(s), (4.6)
and
S(r)n = −H(2)
′
n (X)/H
(1)′
n (X) ≡ e2iζn(r), (4.7)
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Here,
S
(s)
n is the scattering function for a soft cylinder,
S
(r)
n is the scattering function for a rigid cylinder,
ζ
(s)
n is the phase shift corresponding to the scattering function for a soft cylinder,
ζ
(r)
n is the phase shift corresponding to the scattering function for a rigid cylinder.
Furthermore, the phase shifts are given by the real quantities
tan ζ(s)n = Jn(X)/Yn(X), tan ζ
(r)
n = J
′
n(X)/Y
′
n(X). (4.8)
Eq.(4.4) can be further reduced by expanding zi according to
zi = XH
(i)′
n (X)/H
(i)
n (X), i = 1, 2. (4.9)
Separating the above into their real and imaginary components,
z1,2 = ∆
(s)
n ± iS(s)n ,
z−11,2 = ∆
(r)
n ± iS(r)n . (4.10)
with,
∆(s)n = X
Jn(X)J
′
n(X) + Yn(X)Y
′
n(X)
J2n(X) + Y
2
n (X)
,
S(s)n =
2
pi
1
J2n(X) + Y
2
n (X)
(> 0), (4.11)
and
∆(r)n =
1
X
Jn(X)J
′
n(X) + Yn(X)Y
′
n(X)
[J ′n(X)]2 + [Y ′n(X)]2
,
S(r)n = −
2
piX2
1
[J ′n(X)]2 + [Y ′n(X)]2
(< 0). (4.12)
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Employing the linear-approximation method, "resonance frequencies" X(s)n and
X
(r)
n are deﬁned by the conditions
Ln(X
(s)
n ) = ∆
(s)
n ,
L−1n (X
(r)
n ) = ∆
(r)
n . (4.13)
The quantities (Ln − ∆(s)n ) and (L−1n − ∆(r)n ) are assumed to be linearly varying
with frequency and when expanded in Taylor Series in X, we get:
Ln(X) ∼= ∆(s)n + β(s)n (X −X(s)n ),
L−1n (X) ∼= ∆(r)n + β(r)n (X −X(r)n ). (4.14)
The scattering function can then be written in one of the resonance forms
Sn ≡ e2iδn = S(s)n
X −X(s)n − 12iΓ(s)n
X −X(s)n + 12iΓ(s)n
,
= S
(r)
n
X−X(r)n − 12 iΓ
(r)
n
X−X(r)n + 12 iΓ
(r)
n
. (4.15)
Here, the resonance widths Γn is deﬁned as,
Γ(s)n = −2S(s)n /β(s)n ,
Γ(r)n = −2S(r)n /β(r)n . (4.16)
It should be noted that an assumption for no absorption has been made which
essentially implies that no energy is lost in the scattering process, i.e., |Sn| = 1. This
unitary relation forces Sn not only to have a pole at the complex frequency but also
a complex zero. The pole is located in the lower half of the complex X plane and the
zero in the upper half of the plane at a distance of 1
2
Γn.
Furthermore, the quantity (Sn − 1) which appears in the scattering amplitude in
Eq.(4.2) may be represented by the resonance expression
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(Sn − 1)/2i = e2iζ
(s)
n
[
1
2
Γ
(s)
n
X
(s)
n −X − 12iΓ(s)n
+ e−iζ
(s)
n sin ζ(s)n
]
= e2iζ
(r)
n
[
1
2
Γ
(r)
n
X
(r)
n −X− 12 iΓ
(r)
n
+ e−iζ
(r)
n sin ζ
(r)
n
]
(4.17)
The form function then is written as
fn(φ) = 2in(piika)
−1/2eiδn sin δn cosnφ. (4.18)
Decomposing it into corresponding rigid and soft components
f (s)n (φ) = 2in(piika)
−1/2eiζ
(s)
n sin ζ(s)n cosnφ,
f (r)n (φ) = 2in(piika)
−1/2eiζ
(r)
n sin ζ(r)n cosnφ. (4.19)
It has been observed that the locations of the resonances, both theoretically and ex-
perimentally, coincide with the eigenfrequencies of elastic vibrations of the scattering
body. These are obtained by making the denominators of Eq.(4.4) zero which leads to
real eigenfrequencies for a free body and complex eigenfrequencies for a ﬂuid-loaded
body. From the above mathematical formulation, we can conclude that the complex
eigenfrequencies of the scatterer are precisely the locations of resonance poles in the
complex frequency plane, whose real parts determine the resonance frequencies in the
scattering amplitudes.
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4.3 Scattering by Elastic Cylindrical Shells of Inﬁ-
nite Length
After developing the theory for solid elastic cylinder, in this section, a general formu-
lation for scattering from elastic cylindrical shells of inﬁnite length is presented and
[54] could be cited for more details.
z
r
r
Shell Material(2)
Outside Fluid medium(1)
Inner Fluid Medium (3)
a
ϕ
b
Figure 4-1: Geometry used for formulating the sound scattering from an inﬁnite
circular cylindrical shell.
We will consider a cylindrical shell of outer radius a and inner radius b with the
axis coinciding with the z axis of the coordinate system as shown in ﬁgure 4-1. The
subscripts 1, 2, 3, respectively refer to the outside ﬂuid medium, the shell material and
the inner ﬂuid medium. The ﬂuid media are described by densities ρi, sound velocities
ci and propagation constants ki = ω/ci. Inside the shell medium, the longitudinal
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and transverse wave velocities are given in terms of the Lame constants, λ and µ:
c2l = (λ+ 2µ)/ρ2,
c2t = µ/ρ2. (4.20)
In the cylindrical coordinate system, the incident pressure is given as
Pinc = P0
∞∑
n=0
innJn(k1r) cosnφ, (4.21)
and the scattered pressure is given as
Pscatt = P0
∞∑
n=0
innbnH
(1)
n (k1r) cosnφ. (4.22)
where 0 = 1, 1 = 2 = . . . = 2 and the time factor e−iωt is not mentioned explicitly.
Inside the shell medium, the displacement vector u is written as
u = −∇Ψ+∇×A, (4.23)
The scalar potential Ψ satisﬁes
∇2Ψ = (1/c2l )(δ2Ψ/δt2); (4.24)
and the vector potential A satisﬁes
∇2A = (1/c2t )(δ2A/δt2); (4.25)
Since the cylinder is inﬁnite in z direction, Ar = Aφ = 0. The solutions to Eqs.(4.24)
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and (4.25) with proper symmetry in φ are given as
Ψ = P0
∞∑
n=0
inn[cnJn(k1r) + dnNn(k1r)] cosnφ,
Az = P0
∞∑
n=0
inn[enJn(ktr) + fnNn(ktr)] sinnφ. (4.26)
In medium 3, the ﬁeld is given as a compressional wave which must be regular at the
origin:
P3 = P0
∞∑
n=0
inngnJn(k3r) cosnφ. (4.27)
Here, Jn, Nn are the Bessel functions of ﬁrst and second kind and H
(1)
n is the
Hankel function of the ﬁrst kind. Also, kt = ω/ct.
Satisfying the following boundary conditions at the inner and outer radii:
• Continuity of normal displacement
• Pressure in the ﬂuid being equal to the normal components of stress in the solid
and
• Vanishing of the tangential components of the shearing stress
enables us to solve for the coeﬃcients in Eqs. (4.22),(4.26) and (4.27) yielding com-
plete solution to the ﬁeld in all the three media.
4.4 Literature Review
Junger [55] was among the ﬁrst to apply resonance scattering theory to study scatter-
ing. He showed that resonances appear when the mechanical and radiation impedance
go to zero.
Later Flax et al., [29] developed a quantitative approach for studying scatter-
ing from cylindrical shells based on the resonance scattering theory. They obtained
mathematical expressions for eigenvalue equations for the real resonance frequencies,
expressions for the resonance widths and provided explicit mathematical forms for
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resonances and background contributions. Their work provided a means for inter-
preting and classifying the resonances that appear in the total scattering amplitudes
in a quantitative fashion although one shortcoming was that they did not consider
absorption or energy losses due to scattering. Speciﬁcally, they resolved the scatter-
ing amplitudes into their individual partial waves and followed the diﬀerent groups
of resonances through the successive partial waves. They showed that both rigid and
soft backgrounds can be incorporated in scattering theory. The resonance widths were
shown to determine the lifetime of a resonance and the phases of partial scattering
amplitudes were shown to increase abruptly by pi when passing through a resonance.
Breitenbach et al., [51] studied the acoustic scattering from an inﬁnite elastic
cylindrical shell using the resonance scattering theory by performing a detailed anal-
ysis of the partial wave resonances. The appearance of the resonance terms were
enhanced by the removal of the appropriate background term. Rigid background
was used for thick shells, intermediate background formulation was used for shells
of intermediate thickness and soft background was used for thin shells. The validity
of the partial wave analysis was established by identifying the resonance modes by
their physical appearance for the case of a thick shell. It was found that the Rayleigh
response is broad, the transverse modes are narrower and the longitudinal modes are
of a medium width and higher phase velocity. The transverse and longitudinal modes
had similar characteristics like the transverse and longitudinal Whispering Gallery
modes obtained for a solid elastic cylinder. For the case of a thin shell, the Rayleigh,
transverse and longitudinal wave resonances occurs at higher frequencies and it was
observed that the ﬁrst transverse mode (T01) on a thick shell undergoes a smooth
transition to the symmetric Lamb mode (S0). The A0 Lamb mode was also detected
but it was not continuous and it was found that for phase velocity greater than the
sound speed of the external ﬂuid, the dispersion curve for this mode merged with the
dispersion curve for the Rayleigh mode.
Flax and Neubauer [54] in a separate set of publications studied scattering from
cylindrical shells made of more than one layer which could absorb scattering energy as
well. The mathematical approach taken by them was on the same lines as presented
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in section 4.3. It is not mentioned in detail here as we will only be dealing with
cylinders which have just one shell layer.
Dickey et al., [52] carried out studies on scattering by solid cylinders and cylin-
drical shells at high frequencies and showed the transition from solid-cylinder like
to shell like behavior and the parallel transition from the Whispering Gallery to the
Lamb waves by plotting the dispersion curves for the diﬀerent modes. It is known
that a pole with a large imaginary part represents a wave which radiates its energy
after propagating a short distance whereas one with a small imaginary part circum-
navigates the cylinder many times before reradiating. Also, the real part of the pole
position is inversely proportional to the phase velocity of the associated wave. Based
on these facts, it was concluded in this study that the phase velocities of the Whisper-
ing Gallery mode decreases monotonically with shell thickness while that of the Franz
mode increases to form a single set of modes regularly spaced in both attenuation and
phase velocity. The pressure amplitudes resulting from the reradiation of energy into
the external ﬂuid were calculated by evaluating residue contribution from each mode
as a function of diﬀerent parameters, like the value of ka (k is the wavenumber of
the incident ﬁeld and a is the radius of the insoniﬁed object) , observation distance r
etc. It was found that a `Rosette' pattern was obtained by the interference of counter
circumnavigating waves in the case of a solid cylinder. The Rayleigh and Whisper-
ing Gallery modes were found to reradiate at the critical angle and the Franz wave
appeared to reradiate tangentially. The authors also discussed the contributions of
diﬀerent modes to the total diﬀracted ﬁeld as a function of ka for both solid cylinder
and cylindrical shells.
Veksler [56] carried out experiments on thin elastic cylindrical shells to better
understand the properties of the A0 and S0 waves. He found out that the resonances
in the scattering response is mainly due to the peripheral Lamb waves as the diﬀracted
waves are completely absent and the specular reﬂected wave cannot generate any
resonance. The S0 wave is generated for all ka values where k is the wavenumber in
the ﬂuid medium and a is the outer radius of the shell but it does not have a distinct
presence in the Strong bending domain. It was also found that for the case of a metal
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shell immersed in water, the phase velocity of the S0 wave is almost independent of
the properties of the ﬂuid surrounding the shell unlike the A0 wave for which only the
normalized phase velocity was found to be independent of ﬂuid properties. For the
A0 wave, the phase velocity of the wave had to be greater than the speed of sound in
surrounding ﬂuid for the wave to be generated. However, it was a necessary condition
but not suﬃcient.
Marston [57] extended the geometric theory of diﬀraction to describe the surface
wave contributions to back scattering from cylinders at high frequencies. It was shown
that the high frequency resonances of the elastic response were described by the Fabry-
Perot form function of the relevant surface wave. They gave approximations for the
coupling coeﬃcient of the surface wave with the acoustic ﬁeld in terms of various
physical parameters and conﬁrmed the results by comparing with numerical results.
Corrado [58] examined the monostatic ﬁeld for a wide range of aspect angles scat-
tered from an empty cylindrical shell. It was shown that within 5 degrees of the beam
aspect, compressional wave scattering produces characteristic nulls in the frequency
domain while away from the beam aspect, the maximum target strength was detected
at places where the shear eﬀects coexisted. It was also found that back scattered ﬁeld
from shells with a series of rings is smeared in time and frequency domain as scat-
tering of a structural wave excites other structural wave types and directly scatters
energy into the acoustic medium. Bistatic scattering was also investigated and it was
shown that not only the resonance phenomena but the aperture eﬀects of the beam-
former are also equally important to study the back scattering from cylindrical shells.
He concluded that depending on the conﬁguration of the shell, the scattering results
from direct phase matched radiation and elastic wave scattering processes induced at
structural discontinuities of the shell.
Ricks and Schmidt [59] extended the global matrix method to study scattering
from thin cylindrical shells having multiple viscoelastic layers and external compliant
coatings. It was shown that the numerical method is stable over a wide range of axial
wavenumbers and circumferential orders. The excitations used were time harmonic
ring forces that give rise to helical waves. Speciﬁcally, this numerical method could
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address the problems of Bessel Functions overﬂow and underﬂow as well as exponential
growth and decay of evanescent waves across the thickness of the shells.
Veksler et al., [21] carried out a systematic investigation on the propagation char-
acteristics of A and A0 waves generated by the scattering of a plane acoustic wave
by a circular cylindrical shell. They found that the A wave is generated when the
thickness is not too large. For thin shell scattering, there is a maximum mode order
above which the A waves cannot be generated. The width of the resonance curve was
also found to depend on the relative thickness of the shell and on the mode order. It
was also found that when the wave associated with free mode vibration has a speed
greater than the sound speed of the ﬂuid, the A0 resonance frequency tends toward
one of the free modes and if the speed is lower than the speed of the external ﬂuid,
it is the A wave whose resonance frequency tends toward one of the free modes.
Lee and Schmidt [60] developed the SCATT model to study multistatic scattering
from targets in a reverberant background which has been extensively used by ocean
acousticians for modeling. They validated the model with `at-sea' experiments with
diﬀerent targets that also included ﬁnite elastic cylindrical shells.
Maze et al., [61] investigated the nature of circumferential waves on evacuated, in-
ﬁnite cylinders immersed in water with various wall thicknesses. They demonstrated
analytically, by a perturbation-theoretical approach, that the nature of A and A0
waves get interchanged when the dispersion curves pass through the repulsion re-
gion. It was shown that for increasingly thinner shells, the A wave takes over the
role which A0 demonstrates in the case of unperturbed solution for no ﬂuid loading.
As the shell thickness is reduced, the A0 curve ﬁrst follows the ﬂexural resonance
frequencies of a shell in vacuum while the A wave resonances are almost independent
of the shell thickness but after passing through the repulsion region, the behaviors
get interchanged.
Fawcett et al., [3] studied the back scattered signals from water ﬁlled cylindrical
shells kept on the seabed using the multiple scattering model and found that the
single scatter model is a good approximation for the chosen frequencies. It was also
found that for shallow incidence and receiver angles, small impedance jumps at the
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seabed produced signiﬁcant diﬀerences in the back scattered signal from the free space
case. The models were compared with experimental results and good agreements were
found.
Tesei et al., [53] studied extensively the applicability of resonance analysis to tar-
get characterization and classiﬁcation. They carried out at sea experiments on a ﬁnite
length, thin cylindrical shell target with the receiver close enough to the target so
that cylinder end eﬀects could be neglected. The inner medium was vacuum or air
and the incidence angle was close to normal for the plane wave excitation. The au-
thors veriﬁed the generation of resonance phenomena and the wave families predicted
by the resonance scattering theory. Their observations justiﬁed the employment of
a proposed model based method for extracting resonance frequencies from which the
target properties could be determined. The model-data matching in the frequency
domain was found to be acceptable in the broadband range. They employed a Linear
Time-Invariant (LTI) discrete-time system to describe the scatterer and represented
the Transfer Function by a parameter model, with the poles of the Transfer Function
of the LTI system that lie on the unit circle in the z domain determining the unat-
tenuated resonances. The most general linear model is called Autoregressive Moving
Average(ARMA) model, a special case of which is the Autoregressive Model(AM)
which is suﬃcient for the extraction of main resonances of the scattering ﬁeld when
the signals are complicated. The proposed method consists of preliminary decon-
volution followed by AR-based modeling applied to the scatterer estimated impulse
response. The Transfer Function could be used as a further guideline for selecting
the most reliable resonance frequencies which correspond to the troughs or peaks.
The ARMA model can be employed when interested in detailed analysis as including
the zeros in the parametric model can lead to more complete data representation as
some of them correspond to the frequencies of the generated creeping waves revolving
around the target in the outer ﬂuid and inﬂuence the global shape of the resonance
spectrum. However, their model had a few limitations like a priori knowledge of
target shape, aspect and low conﬁdence associated with estimation results when only
a few resonances of a certain wave family could be identiﬁed. Also the shell material
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estimation was sensitive to the accurate detection of the outer radius.
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Chapter 5
Experimental Conﬁguration and
Procedure
5.1 Experimental Conﬁguration
EVA'06 involved measurements of both monostatic and bistatic experimental data
in the near and far ﬁelds from targets in diﬀerent conﬁgurations. This thesis deals
with the near-ﬁeld bistatic experimental data obtained using a hemispherical dome
of nominal radius 1.92 m. The targets included a proud cylinder, a proud sphere and
a half-buried empty sphere. These targets were insoniﬁed by a parametric source at
low frequency which could rotate in pan and tilt with a precision of about 2o. It
had a −3 dB beamwidth of 80 (horizontal) and 4o (vertical) at 8 kHz. Its non-linear
interaction region was estimated to be 11m in front of the transducer. The source had
a primary frequency of 40 kHz and the range of its secondary frequency was between
2 kHz and 15 kHz. Nominal 8 kHz centered Ricker pulse was used to insonify the
diﬀerent targets. Details of the parametric source could be referred to in [19]. It was
mounted on a telescopic tower which could move on a 24 m long rail, with height
varying from 6 m to 10 m to cover diﬀerent grazing angles. At the two ends of the
rail, the water depths were 14.2 m and 13 m, with the rail sloping down away from
the motor(labeled M)as shown in ﬁgure 5-1. The seabed had a slope of about 3o− 4o
from the rail toward the target ﬁeld.
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Figure 5-1: Experimental Geometry (not to scale).
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Figure 5-2: The Two Composite Targets [4].
105
Figure 5-3: Target Field Deployed [4].
The experiment was carried out with three targets. One of the targets was a
composite sphere (also termed EVA sphere in this thesis) half-ﬁlled with water and
half-ﬁlled with an epoxy resin. It was made of ﬁberglass material and had a diameter
of 1 m and wall thickness of 2 cm. The sphere was placed 18 m from the rail and
the source was 11 m from the other end of the motor. The ﬁberglass properties were:
density ρ = 1845 kg/m3, compressional speed cp = 3000 m/sec, and shear speed cs =
1550 m/sec with respective attenuations 0.35 dB/λ and 0.85 dB/λ. The estimated
ﬁller parameters were: ρ = 1845 kg/m3, cp = 3060 m/sec, and cs = 1580 m/sec with
respective attenuations 0.5 dB/λ and 0.8 dB/λ. These values have been cited from
[62]. The sphere was insoniﬁed supercritically with the source being at a height of
10 m. The water depth at the location of the sphere was 12.1 m and the tilt and the
pan angles were −27o and 3o respectively. The sign conventions of the tilt and the
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pan angles could be found in [63] and have also been shown in ﬁgure 5-1.
The second target was a hemispherically endcapped cylindrical shell of 1.5 m
length, 0.5 m diameter, and 1 cm wall thickness. It was made of the same ﬁberglass
material as the composite sphere and was deployed proud on the seabed 18 m from
the rail. The cylinder was ﬁlled with the same epoxy resin as the composite sphere
for 5/6 of its length, leaving the endcap exposed to the source ﬁlled with water. It
was supercritically insoniﬁed with 10 m source height. The source was 15 m on the
rail measured from the end opposite to that of the motor for endﬁre insoniﬁcation as
shown in ﬁgure 5-1. At the location of the cylinder, the water depth was 13.1 m and
the tilt and the pan angles were −23.4o and −37.4o, respectively.
The third target was the GOATS sphere used in the GOATS-98 experiment. The
sphere was air-ﬁlled and had a diameter of 1.06 m and wall thickness of 3 cm . It was
made of steel and the diﬀerent parameters were: cp = 5950 m/sec, cs = 3240 m/sec,
membrane speed c∗steel = 5435 m/sec, and ρ = 7700 kg/m
3, with respective attenua-
tions 0.01 dB/λ and 0.02 dB/λ [19]. The extent of the burial of the GOATS sphere
was not known and was estimated to be between 50% and 70%. For convenience,
the burial has been assumed to be 50% in the simulations and geometry calculations.
The sphere was placed 27 m from the rail and was subcritically insoniﬁed, with the
source height being 7 m. The source was 11 m on the rail from the other end of the
motor. The tilt and the pan angles were −12o and 0o respectively. The water depth
at the location was not measured and was estimated using interpolation to be 11.35
m.
There were 9 hydrophone receivers placed along one of the arcs of the dome as
shown in ﬁgure 5-4. The schematic of the dome is shown in ﬁgure 5-5. It could be
rotated using an electric motor and aspects from −145o to 1450 were covered for the
GOATS sphere and for the proud cylinder; and aspects from −130o to 1450 were
covered for the composite sphere. The targets were placed at the center of the dome
except for the composite sphere which was displaced by an amount equal to its radius.
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Figure 5-4: Dome with Hydrophone Array [4].
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Figure 5-5: Schematic of the Dome.
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Figure 5-6: Dome Deployment [4].
5.2 Procedure
During the experiment, 30 pings were recorded at each hydrophone for each azimuth
position of the cage. The incident pulses for all the pings were already aligned and
so the ﬁrst step involved time averaging across the pings to obtain one single time
series for each receiver. The incident pulse of the time averaged signal was extracted
and band pass ﬁltered with a 6th order Butterworth ﬁlter. The ﬁlter had cut-oﬀ
frequencies of 1.5 kHz and 14 kHz to match the resonance spectrum of the targets. The
sampling frequency used was 500 kHz. The impulse response of the ﬁlter, which was
convolved with the original time series, is shown in ﬁgure 5-7. The time series and the
spectrogram plots of the ﬁltered incident pulse looked identical to the corresponding
plots obtained at a calibrated hydrophone and shown in ﬁgures 5-8 and 5-9.
Scattered time series was then obtained by convolving the impulse response of
the ﬁlter with the scattered part of the original time series. It was also obtained by
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convolving the original scattered time series with the impulse response of the same
ﬁlter but with upper cut-oﬀ frequency of 6 kHz to compare with the corresponding
OASES plots in the case of composite cylinder and GOATS sphere. The resulting
time series and spectrogram plots have been plotted for receivers 1 and 4.
Next step was to downsample the signal by a factor of 5 and compute the spectro-
gram with a time window long enough to capture individual arrivals. The length of
the time window was chosen to be 0.4 milliseconds with 80% overlap. Exact arrival
times for the forward and back scattering conﬁgurations were then calculated using
geometry as illustrated in section 5.3 and superimposed on the time series and the
spectrogram plots. The geometric specular echos were then aligned with the corre-
sponding experimental ones to ﬁgure out the exact arrival times of diﬀerent waves in
those conﬁgurations.
The next step was to compute the azimuth stacked time series and vertical stacked
time series. Time till 15 milliseconds was chosen and the values of the short time
Fourier transform obtained from the spectrogram were averaged across frequency
(till 20 kHz). The frequency and the time limits were chosen to capture signiﬁcant
arrivals. The absolute value of this average was then taken and the above steps
were repeated for all the receivers for a particular azimuth to generate the vertical
stacked time series. The same steps were repeated for all the azimuths for a particular
receiver to generate the azimuth stacked time series. The dome plot was obtained
by averaging the intensities, i.e., square of the amplitudes of the values of short time
Fourier transform, across time (till 15 milliseconds) for a particular frequency. The
frequency, in the case of the composite sphere was chosen to be 10 kHz and for the
empty sphere and the composite cylinder, it was taken to be 5 kHz.
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Figure 5-7: Impulse Response of the 6th Order Butterworth Filter with cut-oﬀ fre-
quencies 1.5 kHz and 14 kHz.
Figure 5-8: Time Series of the incident pulse obtained at a calibrated hydrophone.
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Figure 5-9: Frequency Spectrum of the incident pulse obtained at a calibrated hy-
drophone.
The OASES simulations were carried out using the shell scripts tssphere for the
composite sphere, tstrap for the composite cylinder (with endcaps) and tssph_pb
for the half-buried sphere [64]. The required OAST, OAST3, and target input ﬁles
are shown in respective appendices. The parameters are deﬁned in [64] and [65].
The receiver depths, receiver ranges, and source depths used in the input ﬁles were
calculated from [63]. The composite sphere was assumed to be ﬁlled with water and
the composite cylinder was assumed to be ﬁlled with a ﬂuid which has density, ρ =
900 kg/m3 and compressional speed, cs = 1200m/sec with corresponding attenuation
of 0.5 dB/λ. A diﬀerent ﬂuid material was used to create a contrast between the
material inside and outside as tstrap cannot be run for a shell. The pitch and the
roll angles were 40o and 90o respectively. The time window used in the shell scripts
was 50 milliseconds long to avoid wrap around problems. The frequency spectrum of
the simulations was between 2 kHz and 6 kHz for the composite cylinder and for the
empty sphere; and between 2 kHz and 14 kHz for the composite sphere. The time
series were then generated from the .trf ﬁles using the Azimuth-Stacked Time Series
option in the OASES Pulse Post-processor(pp) [65]. The source type used was 6 and
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the range of the azimuths was chosen such that it was consistent with what was used
in the experiment. Speciﬁcally, the azimuth range was speciﬁed to be −42o to 237o
for the composite sphere and −57o to 237o for the empty sphere and the composite
cylinder.
To compare with the experimental analysis, the time series obtained were then
processed in a similar way to generate the azimuth stacked time series, vertical stacked
time series, and dome plots. The values of the short time Fourier transform were
averaged till 6 kHz frequency for the case of composite cylinder and empty sphere;
and till 14 kHz frequency for the case of composite sphere to include the frequency
spectrum of the highest intensity of arrivals. A detailed procedure is shown in the
MATLAB codes attached in the appendix.
5.3 Geometry
This section outlines the basic procedure adopted in the thesis for calculating the
exact arrival times of diﬀerent waves using geometry. These exact arrival times have
been calculated for the forward and back scattering directions which correspond to
the `in-plane' conﬁguration, in which the source, the target, and the receivers are in
the same vertical plane. In the ﬁgures shown below, ﬁgure 5-10 - ﬁgure 5-14, the
receivers are arbitrarily placed and do not conform to the cage geometry. The ﬁgures
are also not drawn to scale and are shown only for illustration purposes. Also the
variables used are the same as in the MATLAB codes attached in the appendix, which
should be referred to for detailed calculations. The colors used to represent the waves
are identical to the colors used in the plots shown in chapters 6,7, and 8. It should
be noted that the head wave and the S0 Lamb waves have not been analyzed in this
thesis as they are expected to be very weak [19] and [8]. Also the ﬁrst bottom bounce
wave has been shown only for the composite cylinder for the same reason. The other
ﬁrst bottom bounce wave which is the wave that is reﬂected from the sea bottom ﬁrst
and then from the target has not been analyzed as well.
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5.3.1 Specular Echo and Bottom Specular Wave
Specular echo is the wave that gets directly reﬂected from the target, while the bottom
specular wave is the wave that gets reﬂected directly from the sea bottom. Figure 5-10
shows the geometry for these two waves in the forward scattering position.
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Figure 5-10: Geometry of Specular Echo and Bottom Specular Wave in the forward
scattering direction sketched for the half-buried sphere.
The travel time of the specular echo, shown in `green' color in ﬁgure 5-10, has
been obtained by discretizing the circumference of the target. The points obtained
lie between the two tangent points, P1 and P2, drawn from the source. In the case
of the GOATS sphere, for which the geometry has been drawn, P2 is the point on
the interface, since the other tangent point lies in the sediment layer. For each of
the points, whose coordinates are known, the dot product between Vec1 and Vec2 is
calculated, from which angle theta2 is obtained. The travel time of the specular echo
is (t1 + t2)/cw, where cw is the sound speed in water. t1 is obtained directly as it is
the length of the line segment whose two end points are known. The equation of the
line segment t2 is calculated with the knowledge of its slope, which is obtained from
theta2, and from the fact that it passes through one known point which is the point
on the sphere. The intersection of this line segment with the dome, which is assumed
to be a hemisphere and hence a semicircle in the vertical plane, gives the other end
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point. Once the coordinates of this end point are obtained, it could be checked if
they match with the known coordinates of one of the receivers. Care should be taken
in ensuring that t2 should be the line segment that directly intersects the semi circle
and it should not be the one that ﬁrst touches the sea bottom. Also, for the lateral
surface of the cylinder, which is a rectangle in 2-D, the calculation proceeds on similar
lines. However, the dot product need not be computed.
The bottom specular wave is shown in `magenta' color in ﬁgure 5-10. The total
travel time is (v1 + v2)/cw, where cw is the sound speed in water. v1 and v2 are
calculated using similar triangles and with the fact that xs + xr is known, where
(xs, zs) are the source coordinates and (xr, zr) are the receiver coordinates. The
origin has been assumed to be the target center. The bottom specular is obtained
only for those cases for which theta6 < theta5, as the reﬂected wave gets blocked by
the target for other cases.
The calculations are described in detail in the MATLAB codes attached in the
appendix.
5.3.2 Lamb Waves
Lamb waves emanate tangentially at the coincidence frequency and travel around the
shell at the speed of sound in water. Since the geometry calculations are easier at
tangential coupling, the entire analysis for Lamb waves in this thesis has been done
at the coincidence frequency. The exact travel times do not change much even if the
frequency is diﬀerent because at higher frequency, the phase velocity increases and the
path traversed around the shell also increases, thereby keeping the travel time almost
constant. The geometry calculations for the clockwise Lamb wave, drawn in `red' color
in ﬁgure 5-11, is shown for an arbitrary receiver in the forward scattering direction for
one of the conﬁgurations. The travel distance for the wave is v1 + C2 + v2. v1, v2 are
the tangent lengths from the source and receiver, which are directly obtained, as v1 =√
(x2s + z
2
s)
2 −R2t , where Rt is radius of the target. C2 is the arc length corresponding
to the angle 360o − (angle1− (angle3− angle2)). In the other conﬁguration, the arc
length C2 corresponds to the angle angle3− angle1− angle2.
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Figure 5-11: Geometry of the clockwise Lamb wave in the forward scattering direction
sketched for the half-buried sphere.
For the counterclockwise Lamb wave, the conﬁguration shown corresponds to that
of an arbitrarily placed receiver in the back scattering direction. Its drawn in `blue'
color in ﬁgure 5-12. The travel distance is given by v1+v2+C1+ t1. t1 is the tangent
length from the receiver which is calculated in the same way as for the clockwise Lamb
wave. v1 and v2 are calculated from Snell's Law and simple geometry, as illustrated
by the following equations, using elimination:
cos (θi) =
x1
v1
;
cos (θc) =
v2
x2
;
cos (θi)
cos (θc)
= K(constant);
x1 + x2 = xs;
v21 = z
2
s + x
2
1;
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v22 = x
2
2 −R2t ;
The arc length C1 is obtained by adding the arc lengths corresponding to the
angle angle5 in the sediment layer and the angle angle3 in the water layer. angle3
and angle5 are obtained from the following equations:
angle3 = 180o − angle1− angle2;
tan (angle1) =
t1
Rt
;
tan (angle2) =
zr
xr
;
tan (180o − angle5) = v2
Rt
;
Also, it should be noted that the ﬁgures are sketched for the GOATS sphere.
The geometry for the composite sphere is straight forward once the geometry for the
half-buried sphere is computed.
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Figure 5-12: Geometry of the counterclockwise Lamb wave in the back scattering
direction sketched for the half-buried sphere.
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5.3.3 First Bottom Bounce Wave and Helical Waves
The ﬁrst bottom bounce wave is the wave that gets reﬂected from the sea bottom after
it gets reﬂected from the target. Its analysis has been done only for the composite
cylinder due to its weak nature owing to attenuation from reﬂection at the water-
sediment interface. The procedure for calculating the exact arrival time is similar to
the one for specular wave. It is generated only when angle φ is greater than the slope
of the line joining the point obtained after discretization to the bottom of the cage.
The total travel distance is given by s1 + s2 + s3. This particular wave is highlighted
in `blue' in ﬁgure 5-13.
The helical wave in the back scattering direction is shown in ﬁgure 5-13 and in the
forward scattering direction is shown in ﬁgure 5-14. It is highlighted in `red' in both
the ﬁgures. Its travel distance is approximately found by dividing the length of the
arc traversed by the sine of angle of entry, here θ. If the arc length is approximated
by a straight line, which is reasonable given the short length of the cylinder, there is
a maximum error of 0.1 milliseconds in the computations of the arrival times.
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Figure 5-13: Geometry of the ﬁrst bottom bounce wave and the helical wave in the
back scattering direction sketched for the composite cylinder.
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for the composite cylinder.
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Chapter 6
Experimental and modeling results of
the Composite Sphere
The results shown for the composite sphere include the time series and the spec-
trogram plots for the forward and back scattering conﬁgurations, the azimuth and
vertical stacked time series, and the dome plots which are illustrated in the following
sections.
6.1 Forward scattering time series and spectrogram
plots
The forward scattering corresponds to −90o position of the cage. The forward and the
back scattering results are explicitly shown because the geometry could be worked out
exactly for these two cases and hence, they form a basis for detecting the arrival times
of diﬀerent waves. The green, red, blue lines, respectively represent the geometric
arrivals of the Specular Echo, Clockwise A0 Wave, and Counterclockwise A0 Wave.
In this section and in section 6.2, the simulated results using OASES start at 0.5
milliseconds earlier than the expected arrival time of the incident wave at a particular
hydrophone, which can be estimated using geometry. Also the exact arrival times
calculated using geometry have been moved so as to align the respective specular
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echos. In the case of experimental data analysis, the start time of the time series is
the arrival time of the incident pulse. Because of band-pass ﬁltering, a delay, equal
to the group delay of the ﬁlter has been taken into account in the analysis of diﬀerent
arrival times. The group delay of a Butterworth ﬁlter is not constant and hence,
the maximum group delay of 0.3 milliseconds has been considered. So, if there is an
exact correspondence between the simulated and experimental arrivals, the simulated
arrivals should appear 0.2 milliseconds later than the corresponding arrivals obtained
by analyzing the experimental data. However, the exact geometry of the cage is
not known. Also, the exact pan and tilt angles of the TOPAS source are known
to within 2 degrees of accuracy and the group delay could be anything between 0
and 0.3 milliseconds depending on the particular resonance frequency. Some or all
of these factors could be responsible for a small mismatch. While analyzing the
experimental data, it has been observed that there is a constant shift between the
theoretical and observed arrivals of the incident pulse. So, it has been assumed that
the time diﬀerence between the diﬀerent arrivals and the incident pulse is going to
remain constant for the expected arrivals, obtained by using simple ray tracing, and
the arrivals obtained by analyzing the experimental data. The arrival time of Bottom
Specular Wave, which is the wave that gets reﬂected directly from the sea bottom,
is computed for the three receivers at the top as it is not seen in the bottom ones.
Their arrival times from receiver 1 through receiver 3, taking into account maximum
group delay, are 1.3, 1.3, and 1.2 milliseconds, respectively.
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6.1.1 Receiver 1
The time series and the spectrogram plots, in the case of simulated results for receiver
1, ﬁgure 6-1 - ﬁgure 6-2, show that the specular wave arrives at about 1.2 milliseconds
followed by the ﬁrst counterclockwise A0 wave at around 2 milliseconds and the
ﬁrst clockwise A0 wave at around 2.9 milliseconds. The subsequent arrivals of the
Lamb waves are insigniﬁcant as they get attenuated in the ﬂuid medium quite fast.
The order of arrivals is expected as the geometrical conﬁguration is such that the
counterclockwise wave is expected to arrive earlier than the clockwise wave. The
start time for the time series is 0.5 milliseconds earlier than the expected arrival time
of the incident wave at the respective receivers. This is done to capture the earlier
arrivals in the spectrogram plots and to maintain uniformity. One important thing to
be noted is the fact that the analysis is done only for the three waves mentioned and
there could be other waves which could arrive at a similar or later time and result
in enhancement of the intensity of received signals at those times. The maximum
amplitude as predicted by OASES is about 0.011N/m2, as seen from the time series.
Also, from the spectrogram, it is clear that the intensity of arrivals is highest between
6 kHz and 11 kHz, which is expected as the resonance spectrum for the targets is
between 2 kHz and 18 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 6-3 - ﬁgure 6-4,
the specular echo arrives at around 0.9 milliseconds which is veriﬁed from geometry
as well. However, the arrival time is expected to be 1.0 millisecond, which is 0.2
milliseconds less than the corresponding arrival time predicted by OASES. The dis-
crepancy could be due to one or more sources of error discussed previously in this
chapter. The ﬁrst counterclockwise A0 wave arrives at around 1.5 milliseconds and
the corresponding clockwise wave arrives at around 2.4 milliseconds. The maximum
amplitude is about 75 A/D units. There seems to be a signiﬁcant arrival between
the ﬁrst clockwise Lamb wave and the second counterclockwise Lamb wave which
is consistently present for all the receivers. At ﬁrst guess, it looks like the second
counterclockwise Lamb wave but since OASES predicts that the second Lamb waves
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are highly attenuated, it could be the reﬂection from cage or a wave that is supported
by the ﬁller material of the sphere. This arrival, henceforth in this chapter, will be
referred as the `unidentiﬁed' wave. Further studies need to be done to ascertain the
cause of this arrival. In the spectrogram plot, the frequency range for the highest
intensity of arrivals lies between 5 kHz and 15 kHz.
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Figure 6-1: Time series of the scattered ﬁeld recorded by receiver 1 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.2 ms, ﬁrst counterclockwise A0 wave: 2 ms, and ﬁrst clockwise A0
wave: 2.9 ms.
Figure 6-2: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as predicted by OASES.
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Figure 6-3: Time series of the scattered ﬁeld recorded by receiver 1 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 0.9 ms, ﬁrst counterclockwise A0 wave: 1.5 ms, ﬁrst clockwise
A0 wave: 2.4 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-4: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis.
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6.1.2 Receiver 2
In the OASES plots of the second receiver, ﬁgure 6-5 - ﬁgure 6-6, the specular wave
arrives at about 1.1 milliseconds, the ﬁrst counterclockwise A0 wave arrives at about
1.9 milliseconds and the ﬁrst clockwise A0 wave arrives at about 2.9 milliseconds. The
maximum amplitude as predicted by OASES is about 0.008N/m2 and the frequency
range for the highest intensity of arrivals is between 6 kHz and 11 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 6-7 - ﬁgure 6-8,
the specular arrives at around 0.8 milliseconds which is veriﬁed from geometry as
well. However, the arrival time is expected to be 0.9 milliseconds, which is 0.2 mil-
liseconds less than the corresponding arrival time predicted by OASES (after taking
into account the maximum group delay). The discrepancy could be due to one or
more sources of error discussed previously. The ﬁrst counterclockwise A0 wave arrives
at around 1.5 milliseconds and the corresponding clockwise wave arrives at around
2.5 milliseconds. There is considerable interference at the locations of the ﬁrst Lamb
waves and the unidentiﬁed wave seems to have superimposed with the ﬁrst clockwise
Lamb wave. Also, this unidentiﬁed wave seems to have a higher frequency range in
which it has the maximum intensity. The maximum amplitude is about 110 A/D
units.
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Figure 6-5: Time series of the scattered ﬁeld recorded by receiver 2 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.1 ms, ﬁrst counterclockwise A0 wave: 1.9 ms, and ﬁrst clockwise A0
wave: 2.9 ms.
Figure 6-6: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as predicted by OASES.
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Figure 6-7: Time series of the scattered ﬁeld recorded by receiver 2 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 0.8 ms, ﬁrst counterclockwise A0 wave: 1.5 ms, and ﬁrst
clockwise A0 wave: 2.5 ms together with unidentiﬁed (ﬁller material supported or
cage reﬂected) wave.
Figure 6-8: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as obtained from experimental analysis.
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6.1.3 Receiver 3
In the OASES plots of the third receiver, ﬁgure 6-9 - ﬁgure 6-10, the specular wave
arrives at about 1.0 millisecond, the ﬁrst counterclockwise A0 wave arrives at about
1.7 milliseconds and the ﬁrst clockwise A0 wave arrives at about 2.8 milliseconds. The
maximum amplitude as predicted by OASES is about 0.005N/m2 which is nearly the
same as that for the second receiver but there seems to be more interference between
the ﬁrst counterclockwise and clockwise A0 waves. The frequency range for the highest
intensity of arrivals is between 6 kHz and 12 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 6-11 - ﬁgure 6-12,
the specular arrives at around 0.6 milliseconds which is veriﬁed from geometry as
well. The ﬁrst counterclockwise A0 wave arrives at around 1.3 milliseconds and the
corresponding clockwise wave arrives at around 2.4milliseconds. There is considerable
interference at the locations of the ﬁrst Lamb waves and the unidentiﬁed wave seems
to have superimposed with the ﬁrst clockwise Lamb wave as is the case at the second
receiver. The maximum amplitude is about 120 A/D units.
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Figure 6-9: Time series of the scattered ﬁeld recorded by receiver 3 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1 ms, ﬁrst counterclockwise A0 wave: 1.7 ms, and ﬁrst clockwise A0
wave: 2.8 ms.
Figure 6-10: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as predicted by OASES.
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Figure 6-11: Time series of the scattered ﬁeld recorded by receiver 3 as obtained
from experimental analysis. The ellipses from left to right, respectively, depict the
arrival times of specular echo: 0.6 ms, ﬁrst counterclockwise A0 wave: 1.3 ms, and
ﬁrst clockwise A0 wave: 2.4 ms together with unidentiﬁed (ﬁller material supported
or cage reﬂected) wave.
Figure 6-12: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as obtained from experimental analysis.
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6.1.4 Receiver 4
In the case of OASES plots for the fourth receiver, ﬁgure 6-13 - ﬁgure 6-14, no
specular wave is detected since, from geometry calculations it can be ascertained that
there will be no specular waves for the receivers placed toward the bottom. The ﬁrst
counterclockwise A0 wave arrives at about 1.5 milliseconds and the ﬁrst clockwise
A0 wave arrives at about 2.8 milliseconds. The maximum amplitude as predicted by
OASES is about 0.015N/m2 which is considerably higher than the receivers at the
top. The amplitude of the ﬁrst clockwise A0 wave is not signiﬁcant compared to its
counterclockwise component as well, suggesting that it gets attenuated faster as it
travels a longer distance. As before, the frequency range for the highest intensity of
arrivals is between 6 kHz and 12 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 6-15 - ﬁgure 6-
16, the ﬁrst counterclockwise A0 wave arrives at around 1.1 milliseconds and the
corresponding clockwise wave arrives at around 2.4 milliseconds. There is a lot of
interference at the locations of the ﬁrst Lamb waves and the unidentiﬁed wave seems
to have superimposed with the ﬁrst clockwise Lamb wave as is the case at the second
and third receivers. The maximum amplitude is about 140 A/D units.
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Figure 6-13: Time series of the scattered ﬁeld recorded by receiver 4 as predicted by
OASES. The ellipses from left to right, respectively, depict the arrival times of ﬁrst
counterclockwise A0 wave: 1.5 ms, and ﬁrst clockwise A0 wave: 2.8 ms.
Figure 6-14: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as predicted by OASES.
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Figure 6-15: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of ﬁrst counterclockwise A0 wave: 1.1 ms, and ﬁrst clockwise A0 wave: 2.4 ms
together with unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-16: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis.
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6.1.5 Receiver 5
In the case of the OASES plots for the ﬁfth receiver, ﬁgure 6-17 - ﬁgure 6-18, no spec-
ular wave is detected as is the case at the fourth receiver. The ﬁrst counterclockwise
A0 wave arrives at about 1.6 milliseconds and the ﬁrst clockwise A0 wave arrives at
about 2.9 milliseconds. The maximum amplitude as predicted by OASES is about
0.04N/m2. This shows that as the receiver depth is increased and they approach the
seabed, the intensity of ﬁrst counterclockwise A0 wave increases appreciably. Further
studies need to be carried out to investigate the cause.
In the case of plots obtained from experimental analysis, ﬁgure 6-19 - ﬁgure 6-
20, the ﬁrst counterclockwise A0 wave arrives at around 1.1 milliseconds and the
corresponding clockwise wave arrives at around 2.4 milliseconds. The unidentiﬁed
wave starts to appear in front of the ﬁrst clockwise Lamb wave and has considerably
higher intensity. The maximum amplitude is about 150 A/D units.
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Figure 6-17: Time series of the scattered ﬁeld recorded by receiver 5 as predicted by
OASES. The ellipses from left to right, respectively, depict the arrival times of ﬁrst
counterclockwise A0 wave: 1.6, ms and ﬁrst clockwise A0 wave: 2.9 ms.
Figure 6-18: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 5 as predicted by OASES.
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Figure 6-19: Time series of the scattered ﬁeld recorded by receiver 5 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of ﬁrst counterclockwise A0 wave: 1.1 ms, unidentiﬁed (ﬁller material supported
or cage reﬂected) wave, and ﬁrst clockwise A0 wave: 2.4 ms.
Figure 6-20: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 5 as obtained from experimental analysis.
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6.1.6 Receiver 6
The arrival times and pattern of the Lamb waves at the sixth receiver is very similar
to that at the ﬁfth receiver. The maximum amplitude at the location of the ﬁrst A0
wave, in the case of OASES plots, ﬁgure 6-21 - ﬁgure 6-22, is considerably increased
and this happens at about 1.4 milliseconds. In the experimental plots, ﬁgure 6-23 -
ﬁgure 6-24, the unidentiﬁed wave clearly arrives before the ﬁrst clockwise Lamb wave.
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Figure 6-21: Time series of the scattered ﬁeld recorded by receiver 6 as predicted by
OASES. The ellipses from left to right, respectively, depict the arrival times of ﬁrst
counterclockwise A0 wave: 1.4 ms, and ﬁrst clockwise A0 wave: 2.9 ms.
Figure 6-22: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as predicted by OASES.
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Figure 6-23: Time series of the scattered ﬁeld recorded by receiver 6 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of ﬁrst counterclockwise A0 wave: 0.9 ms, unidentiﬁed (ﬁller material supported
or cage reﬂected) wave, and ﬁrst clockwise A0 wave: 2.4 ms.
Figure 6-24: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as obtained from experimental analysis.
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6.1.7 Receiver 7
In the case of the OASES plots for the seventh receiver, ﬁgure 6-25 - ﬁgure 6-26, no
specular wave is detected as is the case at the fourth, ﬁfth and the sixth receivers.
The ﬁrst counterclockwise A0 wave arrives at about 1.2 milliseconds and the ﬁrst
clockwise A0 wave arrives at about 2.8 milliseconds. The maximum amplitude as
predicted by OASES is about 0.03N/m2.
In the case of plots obtained from experimental analysis, ﬁgure 6-27 - ﬁgure 6-
28, the ﬁrst counterclockwise A0 wave arrives at around 0.8 milliseconds and the
corresponding clockwise wave arrives at around 2.4 milliseconds. The unidentiﬁed
wave appears well in front of the ﬁrst clockwise Lamb wave and has considerably
higher intensity. The maximum amplitude is about 150 A/D units. Also, there seems
to be considerable interference at the locations of the ﬁrst counterclockwise Lamb
wave and the unidentiﬁed wave.
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Figure 6-25: Time series of the scattered ﬁeld recorded by receiver 7 as predicted by
OASES. The ellipses from left to right, respectively, depict the arrival times of ﬁrst
counterclockwise A0 wave: 1.2 ms, and ﬁrst clockwise A0 wave: 2.8 ms.
Figure 6-26: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 7 as predicted by OASES.
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Figure 6-27: Time series of the scattered ﬁeld recorded by receiver 7 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of ﬁrst counterclockwise A0 wave: 0.8 ms, unidentiﬁed (ﬁller material supported
or cage reﬂected) wave, and ﬁrst clockwise A0 wave: 2.4 ms.
Figure 6-28: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 7 as obtained from experimental analysis.
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6.2 Back scattering time series and spectrogram plots
The exact back scattering corresponds to 90o position of the cage. The arrival times
of Bottom Specular wave, after taking into account the maximum group delay, are
1.4, 1.3, 1.3, 1.2, 1.1, 1, 0.9, 0.7, and 0.6 milliseconds, respectively.
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6.2.1 Receiver 1
The OASES time series and the spectrogram plots for receiver 1, ﬁgure 6-29 - ﬁgure 6-
30, show that the specular wave arrives at about 1.6 milliseconds followed by the ﬁrst
counterclockwise A0 wave at around 2.4milliseconds and the ﬁrst clockwise A0 wave at
around 3 milliseconds. The subsequent arrivals of the Lamb waves are insigniﬁcant as
they get attenuated in the ﬂuid medium quite fast. The order of arrivals are expected
as the geometrical conﬁguration is such that the counterclockwise wave is expected to
arrive earlier than the clockwise wave. Nevertheless, as the receiver depth increases,
the diﬀerence between the arrival times of counterclockwise and clockwise Lamb waves
reduces and at the bottom receivers, the clockwise wave takes over. As before, the
start time of the time series is 0.5 milliseconds earlier than the expected arrival time
of the incident wave at the respective receivers. This is done to capture the earlier
arrivals in the spectrogram plots and to maintain uniformity. Again the analysis is
done only for the three waves mentioned and there could be other waves which could
arrive at a similar or later time and result in enhancement of the intensity of received
signals at those times. The maximum amplitude as predicted by OASES is about
0.012N/m2 as seen from the time series. Also, from the spectrogram, it is clear that
the intensity of arrivals is highest between 6 kHz and 12 kHz, which is expected as
the resonance spectrum for the targets is between 2 kHz and 18 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 6-31 - ﬁgure 6-32,
the specular echo arrives at around 1.2 milliseconds which is veriﬁed from geometry
as well. However, the arrival time is expected to be 1.4 milliseconds, which is 0.2
milliseconds less than the corresponding arrival time predicted by OASES. The dis-
crepancy could be due to one or more sources of error discussed previously. The ﬁrst
counterclockwise A0 wave is expected to arrive between 2 and 2.2 milliseconds and
the corresponding clockwise wave is expected to arrive between 2.6 milliseconds and
2.8 milliseconds. The upper limit is when there is exact correspondence between the
theoretical and experimental set ups and the lower limit takes into account the dis-
crepancy seen in the results for the specular echo. The maximum amplitude is about
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140 A/D units. There seems to be a signiﬁcant arrival between the ﬁrst clockwise
Lamb wave and the second counterclockwise Lamb wave which is consistently present
for all the receivers. At ﬁrst guess, it looks like the second counterclockwise Lamb
wave but since OASES predicts that the second Lamb waves are highly attenuated,
it could be the reﬂection from cage or a wave that is supported by the ﬁller material
of the sphere. This wave is visible in the experimental forward scattered time series
as well. Further studies need to be done to ascertain the cause of this arrival. In the
spectrogram plot, the frequency range for the highest intensity of arrivals lies between
5 kHz and 15 kHz.
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Figure 6-29: Time series of the scattered ﬁeld recorded by receiver 1 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.6 ms, ﬁrst counterclockwise A0 wave: 2.4 ms, and ﬁrst clockwise A0
wave: 3 ms.
Figure 6-30: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as predicted by OASES.
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Figure 6-31: Time series of the scattered ﬁeld recorded by receiver 1 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 1.2 ms, ﬁrst counterclockwise A0 wave: 2.1 ms, ﬁrst clockwise
A0 wave: 2.7 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-32: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis.
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6.2.2 Receiver 2
In the OASES plots for the second receiver, ﬁgure 6-33 - ﬁgure 6-34, the specular wave
arrives at about 1.9 milliseconds, the ﬁrst counterclockwise A0 wave arrives at about
2.7 milliseconds and the ﬁrst clockwise A0 wave arrives at about 3.2 milliseconds. The
maximum amplitude as predicted by OASES is about 0.015N/m2 and the frequency
range for the highest intensity of arrivals is between 6 kHz and 12 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 6-35 - ﬁgure 6-
36, the specular arrives at around 1.3 milliseconds which is veriﬁed from geometry
as well. However, the arrival time is expected to be 1.7 milliseconds, which is 0.2
milliseconds less than the corresponding arrival time predicted by OASES (after tak-
ing into account the maximum group delay). The discrepancy could be due to one
or more sources of error discussed previously. The ﬁrst counterclockwise A0 wave is
expected to arrive between 2.1 and 2.5 milliseconds and the corresponding clockwise
wave is expected to arrive between 2.6 milliseconds and 3 milliseconds. The maximum
amplitude is about 225 A/D units.
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Figure 6-33: Time series of the scattered ﬁeld recorded by receiver 2 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.9 ms, ﬁrst counterclockwise A0 wave: 2.7 ms, and ﬁrst clockwise A0
wave: 3.2 ms.
Figure 6-34: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as predicted by OASES.
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Figure 6-35: Time series of the scattered ﬁeld recorded by receiver 2 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 1.3 ms, ﬁrst counterclockwise A0 wave: 2.3 ms, ﬁrst clockwise
A0 wave: 2.8 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-36: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as obtained from experimental analysis.
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6.2.3 Receiver 3
In the OASES plots for the third receiver, ﬁgure 6-37 - ﬁgure 6-38, the specular wave
arrives at about 1.8 milliseconds, the ﬁrst counterclockwise A0 wave arrives at about
2.9 milliseconds and the ﬁrst clockwise A0 wave arrives at about 3.2 milliseconds.
The maximum amplitude as predicted by OASES is about 0.015N/m2 which is the
same as that for the second receiver. The frequency range for the highest intensity of
arrivals is between 6 kHz and 12 kHz.
In the case of plots obtained from experimental data, ﬁgure 6-39 - ﬁgure 6-40,
the specular arrives at around 1.5 milliseconds which is veriﬁed from geometry as
well. The ﬁrst counterclockwise A0 wave is expected to arrive between 2.4 and 2.7
milliseconds and the corresponding clockwise wave is expected to arrive between 2.7
milliseconds and 3 milliseconds. The maximum amplitude is about 175 A/D units.
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Figure 6-37: Time series of the scattered ﬁeld recorded by receiver 3 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.8 ms, ﬁrst counterclockwise A0 wave: 2.9 ms, and ﬁrst clockwise A0
wave: 3.2 ms.
Figure 6-38: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as predicted by OASES.
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Figure 6-39: Time series of the scattered ﬁeld recorded by receiver 3 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 1.5 ms, ﬁrst counterclockwise A0 wave: 2.7 ms, ﬁrst clockwise
A0 wave: 2.9 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-40: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as obtained from experimental analysis.
155
6.2.4 Receiver 4
In the case of the OASES plots for the fourth receiver, ﬁgure 6-41 - ﬁgure 6-42,
the specular echo arrives at about 2 milliseconds. The ﬁrst counterclockwise A0
wave arrives at about 3.0 milliseconds and the ﬁrst clockwise A0 wave arrives at
about 3.2 milliseconds. The maximum amplitude as predicted by OASES is about
0.015N/m2. The fact that the maximum amplitude remains the same could mean
that the particular arrivals are clean and there is no interference from other waves that
have not been analyzed here or the interference is such that the maximum amplitude
does not change much. As before, the frequency range for the highest intensity of
arrivals is between 6 kHz and 12 kHz.
For the data plots, ﬁgure 6-43 - ﬁgure 6-44, the specular arrives at around 1.6
milliseconds. The ﬁrst counterclockwise A0 wave is expected to arrive between 2.6 and
2.8 milliseconds and the corresponding clockwise wave is expected to arrive between
2.8milliseconds and 3milliseconds. The maximum amplitude is about 150 A/D units.
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Figure 6-41: Time series of the scattered ﬁeld recorded by receiver 4 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2 ms, ﬁrst counterclockwise A0 wave: 3 ms, and ﬁrst clockwise A0
wave: 3.2 ms.
Figure 6-42: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as predicted by OASES.
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Figure 6-43: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 1.6 ms, ﬁrst counterclockwise A0 wave: 2.7 ms, ﬁrst clockwise
A0 wave: 2.9 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-44: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis.
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6.2.5 Receiver 5
In the case of the OASES plots for the ﬁfth receiver, ﬁgure 6-45 - ﬁgure 6-46, the
specular echo arrives at about 2.2 milliseconds. The ﬁrst counterclockwise A0 wave
arrives at about 3.2 milliseconds and the ﬁrst clockwise A0 wave arrives at about 3.3
milliseconds. The maximum amplitude as predicted by OASES is about 0.015N/m2.
The frequency range for the highest intensity of arrivals is between 6 kHz and 12 kHz.
For the plots obtained from experimental data, ﬁgure 6-47 - ﬁgure 6-48, the specu-
lar arrives at around 1.7 milliseconds. The ﬁrst counterclockwise A0 wave is expected
to arrive between 2.7 and 3 milliseconds and the corresponding clockwise wave is
expected to arrive between 2.8 milliseconds and 3.1 milliseconds. The maximum am-
plitude is about 150 A/D units. In this case, there seems to be a lot of interference
as there are possibly other arrivals between the specular echo and the ﬁrst clockwise
Lamb wave. Similar arrivals are predicted by OASES but their amplitudes are much
less.
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Figure 6-45: Time series of the scattered ﬁeld recorded by receiver 5 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.2 ms, ﬁrst counterclockwise A0 wave: 3.2 ms, and ﬁrst clockwise A0
wave: 3.3 ms.
Figure 6-46: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 5 as predicted by OASES.
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Figure 6-47: Time series of the scattered ﬁeld recorded by receiver 5 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 1.7 ms, ﬁrst counterclockwise A0 wave: 2.9 ms, ﬁrst clockwise
A0 wave: 3 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-48: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 5 as obtained from experimental analysis.
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6.2.6 Receiver 6
In the case of the OASES plots for the sixth receiver, ﬁgure 6-49 - ﬁgure 6-50, the
specular echo arrives at about 2.5 milliseconds. The ﬁrst clockwise A0 wave arrives at
about 3.5 milliseconds and the ﬁrst counterclockwise A0 wave also arrives at about 3.5
milliseconds. The maximum amplitude as predicted by OASES is about 0.014N/m2.
The frequency range for the highest intensity of arrivals is between 6 kHz and 12 kHz.
For the plots obtained from experimental data, ﬁgure 6-51 - ﬁgure 6-52, the specu-
lar arrives at around 1.8 milliseconds. The ﬁrst counterclockwise A0 wave is expected
to arrive between 2.8 and 3.3 milliseconds and the corresponding clockwise wave is
also expected to arrive at about the same time. The maximum amplitude is about
175 A/D units. Again there seems to be arrivals interspersed with the arrivals of
specular echo and the ﬁrst Lamb waves.
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Figure 6-49: Time series of the scattered ﬁeld recorded by receiver 6 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.5 ms, ﬁrst counterclockwise A0 wave: 3.5 ms, and ﬁrst clockwise A0
wave: 3.5 ms.
Figure 6-50: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as predicted by OASES.
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Figure 6-51: Time series of the scattered ﬁeld recorded by receiver 6 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 1.8 ms, ﬁrst counterclockwise A0 wave: 3.2 ms, ﬁrst clockwise
A0 wave: 3.2 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-52: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as obtained from experimental analysis.
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6.2.7 Receiver 7
In the OASES plots of the seventh receiver, ﬁgure 6-53 - ﬁgure 6-54, the specular echo
arrives at about 2.4 milliseconds. The ﬁrst clockwise A0 wave arrives at about 3.5
milliseconds and the ﬁrst counterclockwise A0 wave arrives at about 3.6 milliseconds.
The maximum amplitude as predicted by OASES is about 0.014N/m2. The frequency
range for the highest intensity of arrivals is between 6 kHz and 12 kHz.
For the plots obtained from experimental data, ﬁgure 6-55 - ﬁgure 6-56, the spec-
ular arrives at around 1.9 milliseconds. The ﬁrst clockwise A0 wave is expected to
arrive between 3.0 and 3.3 milliseconds and the corresponding counterclockwise wave
is expected to arrive between 3.1 milliseconds and 3.4 milliseconds. The maximum
amplitude is about 150 A/D units.
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Figure 6-53: Time series of the scattered ﬁeld recorded by receiver 7 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.4 ms, ﬁrst clockwise A0 wave: 3.5 ms, and ﬁrst counterclockwise A0
wave: 3.6 ms.
Figure 6-54: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 7 as predicted by OASES.
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Figure 6-55: Time series of the scattered ﬁeld recorded by receiver 7 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 1.9 ms, ﬁrst clockwise A0 wave: 3.3 ms, ﬁrst counterclockwise
A0 wave: 3.4 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-56: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 7 as obtained from experimental analysis.
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6.2.8 Receiver 8
In the OASES plots of the eighth receiver, ﬁgure 6-57 - ﬁgure 6-58, the specular echo
arrives at about 2.4 milliseconds. The ﬁrst clockwise A0 wave arrives at about 3.4
milliseconds and the ﬁrst counterclockwise A0 wave arrives at about 3.6 milliseconds.
The maximum amplitude as predicted by OASES is about 0.02N/m2. The frequency
range for the highest intensity of arrivals of the waves analyzed is between 6 kHz
and 12 kHz. Also, there seem to be arrivals at around 1 millisecond which could be
wrap around errors introduced by OASES. From the spectrogram plots, the highest
intensity of these arrivals is in the frequency range 10 kHz to 14 kHz which leads to
the interpretation that they have a diﬀerent resonance frequency compared to other
waves. These waves are termed as `spurious waves' in this thesis.
For the plots obtained from experimental data, ﬁgure 6-59 - ﬁgure 6-60, the spec-
ular arrives at around 2 milliseconds which is veriﬁed from geometry as well. The
ﬁrst clockwise A0 wave is expected to arrive between 3.0 and 3.2 milliseconds and the
corresponding counterclockwise wave is expected to arrive between 3.2 milliseconds
and 3.4 milliseconds. The maximum amplitude is about 150 A/D units. Again there
are other arrivals between the specular echo and the Lamb waves but the time series
is much cleaner than that predicted by OASES.
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Figure 6-57: Time series of the scattered ﬁeld recorded by receiver 8 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.4 ms, ﬁrst clockwise A0 wave: 3.4 ms, and ﬁrst counterclockwise A0
wave: 3.6 ms.
Figure 6-58: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 8 as predicted by OASES.
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Figure 6-59: Time series of the scattered ﬁeld recorded by receiver 8 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of specular echo: 2 ms, ﬁrst clockwise A0 wave: 3.2 ms, ﬁrst counterclockwise
A0 wave: 3.4 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) wave.
Figure 6-60: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 8 as obtained from experimental analysis.
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6.3 Azimuth Stacked Time Series
The azimuth stacked time series represents the arrival times of diﬀerent waves eval-
uated as a function of azimuth and hence gives a picture of how the waves travel in
diﬀerent directions from the target. The plots have been shown in rectangular and
polar domains. The rectangular domain plots have been used to identify the diﬀer-
ent waves based on the analysis of the `in-plane' i.e., forward and back scattering
conﬁgurations and the polar domain plots give a better picture of the source-target
conﬁguration and also displays how the waves follow the cage rotation. If the trace for
a particular wave is not clearly discernible, the approximate path of the travel time
is given by the streak in between the two highlighted ellipses in the forward and back
scattering regions. The dynamic range of azimuth stacked time series obtained by
analyzing the experimental data has been reduced to 0.3 dB to emphasize the arrival
times of diﬀerent waves, unlike the simulated ones, which have a dynamic range of
60 dB. Hence, the colorbar in the former case has not been plotted. Also the analysis
has been done for receivers 1,2,4,6 and 8, as the other cases are almost similar.
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6.3.1 Receiver 1
In the simulated plots, ﬁgure 6-61 - ﬁgure 6-62, the travel time of the specular echo,
as the cage is rotated, almost remains constant. The travel time of the ﬁrst Lamb
waves also remain constant but their presence is not prominent around the zero degree
position of the cage.
In the experimental plots, ﬁgure 6-63 - ﬁgure 6-64, the travel times of specular echo
and ﬁrst clockwise Lamb wave almost remain constant whereas the travel times of ﬁrst
counterclockwise Lamb wave and the unidentiﬁed wave increase in the back scattering
direction. Also, the ﬁrst counterclockwise Lamb wave arrives almost coincidentally
with the specular echo in the forward scattering direction. This is due to the fact
that the corresponding Lamb wave travels much less distance.
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Figure 6-61: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 1 as pre-
dicted by OASES.
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Figure 6-62: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 1, with discrete time
steps as radial function, as predicted by OASES.
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Figure 6-63: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 1 as obtained
from experimental analysis.
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Figure 6-64: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 1, with discrete time
steps as radial function, as obtained from experimental analysis.
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6.3.2 Receiver 2
In the simulated plots, ﬁgure 6-65 - ﬁgure 6-66, the arrival times of the diﬀerent waves
more or less follow the same pattern as in the case of the ﬁrst receiver. In the forward
scattering region, the counterclockwise wave appears before the clockwise wave as
geometry of the conﬁguration suggests. Moreover, the arrival time of the specular
wave reduces, as the cage is rotated, from the back scattering direction to the forward
scattering direction.
In the experimental plots, ﬁgure 6-67 - ﬁgure 6-68, the traces of diﬀerent waves
follow a similar pattern as in receiver 1. The ﬁrst clockwise Lamb wave arrives almost
together with the unidentiﬁed wave in the forward scattering direction.
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Figure 6-65: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 2 as pre-
dicted by OASES.
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Figure 6-66: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 2, with discrete time
steps as radial function, as predicted by OASES.
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Figure 6-67: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 2 as obtained
from experimental analysis.
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Figure 6-68: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 2, with discrete time
steps as radial function, as obtained from experimental analysis.
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6.3.3 Receiver 4
In the simulated plots, ﬁgure 6-69 - ﬁgure 6-70, the specular echo is visible only
till around −25o. The counterclockwise A0 wave is much stronger in the forward
scattering region than its clockwise component.
In the experimental plots, ﬁgure 6-71 - ﬁgure 6-72, the travel times follow a similar
pattern. However, the diﬀerence between the forward scattered and corresponding
back scattered arrivals increases and the specular echo is not visible around the for-
ward scattering region. In the same region, there is considerable interference at the
locations of the ﬁrst Lamb waves.
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Figure 6-69: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 4 as pre-
dicted by OASES.
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Figure 6-70: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 4, with discrete time
steps as radial function, as predicted by OASES.
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Figure 6-71: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 4 as obtained
from experimental analysis.
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Figure 6-72: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 4, with discrete time
steps as radial function, as obtained from experimental analysis.
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6.3.4 Receiver 6
In the simulated plots, ﬁgure 6-73 - ﬁgure 6-74, the travel path for the specular and
Lamb waves are clearly visible. Again the specular is visible only till around −25o.
The counterclockwise component is much stronger in the forward scattering region as
it has to travel much less distance around the target and hence, it is not attenuated
much compared to its clockwise counterpart. The back scattered arrival times are
longer than the corresponding forward scattered ones, as the receiver depth increases.
In the experimental plots, ﬁgure 6-75 - ﬁgure 6-76, the specular echo is not visible
in the forward scattering region. The Lamb waves and the unidentiﬁed wave appear
within 2 milliseconds in the forward scattering region. In the back scattering region
the Lamb waves are coincident and separated from the unidentiﬁed wave. The traces
of the Lamb waves and the unidentiﬁed wave are clearly visible.
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Figure 6-73: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 6 as pre-
dicted by OASES.
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Figure 6-74: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 6, with discrete time
steps as radial function, as predicted by OASES.
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Figure 6-75: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 6 as obtained
from experimental analysis.
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Figure 6-76: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 6, with discrete time
steps as radial function, as obtained from experimental analysis.
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6.3.5 Receiver 8
In the simulated plots, ﬁgure 6-77 - ﬁgure 6-78, the arrival times show a similar
pattern. The unknown arrivals are visible in the forward and back scattering regions.
However, they don't show up for most of the azimuth angles highlighting the fact
that it is just a local phenomenon and they don't follow the cage as it is rotated.
In the experimental plots, ﬁgure 6-79 - ﬁgure 6-80, the traces of arrival times
follow a similar pattern as in receiver 6.
Figure 6-77: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 8 as pre-
dicted by OASES.
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Figure 6-78: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 8, with discrete time
steps as radial function, as predicted by OASES.
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Figure 6-79: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 8 as obtained
from experimental analysis.
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Figure 6-80: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 8, with discrete time
steps as radial function, as obtained from experimental analysis.
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6.4 Vertical Stacked Time Series
The vertical stacked time series are shown for cage orientation of 90o, which corre-
sponds to the back scattering conﬁguration [ﬁgure 6-81 - ﬁgure 6-84]. The rectangular
domain and polar plots show how the diﬀerent waves analyzed, reach respective re-
ceivers at diﬀerent instants for a particular azimuth position. In this particular case
the arrivals at receivers 1 through 7 are shown. These plots are a vertical stack of
the time series shown above and can be used as a useful summary for the same.
Figure 6-81: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of vertical angle and discrete time steps as predicted by OASES.
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Figure 6-82: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of vertical angle, with discrete time steps as radial
function, as predicted by OASES.
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Figure 6-83: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of vertical angle and discrete time steps as obtained from ex-
perimental analysis.
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Figure 6-84: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of vertical angle, with discrete time steps as radial
function, as obtained from experimental analysis.
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6.5 Dome Plots
Dome plots are the mapping of average intensities recorded by each receiver at a
particular frequency, as the cage is rotated. The radial distance is the vertical angle
corresponding to a particular receiver position. It turns out, as expected, that the
intensity is maximum in the forward scattering region. The simulated result, ﬁgure 6-
85, also has high intensity in the back scattering direction. This is due to the `spurious
waves' discussed in section 6.2. The experimental result, ﬁgure 6-86, shows high
intensity in the 90o to 145o position of the cage. This probably is due to the high
intensity of unidentiﬁed wave. The frequency considered here is 10, 000 Hz and the
results have been shown for receivers 1 through 8.
Figure 6-85: Dome mapping of average intensities in dB as a function of azimuth and
vertical angles at frequency 10, 000 Hz, as predicted by OASES.
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Figure 6-86: Dome mapping of average intensities in dB as a function of azimuth and
vertical angles at frequency 10, 000 Hz, as obtained from experimental analysis.
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Chapter 7
Experimental and modeling results of
the Composite Cylinder
The results shown for the composite cylinder include the time series and the spec-
trogram plots for the forward and back scattering conﬁgurations, the azimuth and
vertical stacked time series, and the dome plots which are illustrated in the following
sections.
7.1 Forward scattering time series and spectrogram
plots
The forward scattering corresponds to −130o position of the cage. The forward and
the back scattering results are explicitly shown because the geometry could be worked
out exactly for these two cases and hence, they form a basis for detecting the arrival
times of diﬀerent waves. The green, red, magenta and blue lines, respectively, repre-
sent the geometric arrivals of the Specular Echo, Helical wave, Bottom Specular wave
and the First Bottom Bounce wave. In this section and in section 7.2, the simulated
results using OASES start at 0.5 milliseconds earlier than the expected arrival time
of the incident wave at a particular hydrophone, which can be estimated using ge-
ometry. Also the exact arrival times calculated using geometry have been moved so
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as to align the respective specular echos. In the case of experimental data analysis,
the start time of the time series is the arrival time of the incident pulse. Because
of band-pass ﬁltering, a delay, equal to the group delay of the ﬁlter has been taken
into account in the analysis. The group delay of a Butterworth ﬁlter is not constant
and hence, the maximum group delay of 0.3 milliseconds has been considered. So,
if there is an exact correspondence between the simulated and experimental arrivals,
the simulated arrivals should appear 0.2 milliseconds later than the corresponding
arrivals obtained by analyzing the experimental data. However, the exact geometry
of the cage is not known. Also, the exact pan and tilt angles of the TOPAS source
are known to within 2 degrees of accuracy and the group delay could be anything be-
tween 0 and 0.3 milliseconds depending on the particular resonance frequency. Some
or all of these factors could be responsible for a small mismatch. While analyzing
the experimental data, it has been observed that there is a constant shift between
the theoretical and observed arrivals of the incident pulse. So, it has been assumed
that the time diﬀerence between the diﬀerent arrivals and the incident pulse is going
to remain constant for the expected arrivals, obtained by using simple ray tracing,
and the observed arrivals from the experimental data. For receivers 1 and 4, the time
series and the spectrogram plots are also obtained with a 6th order Butterworth ﬁlter
with cut-oﬀ frequencies 1, 500 Hz and 6, 000 Hz to compare with the OASES results.
Henceforth, plots obtained by using this ﬁlter are termed as plots corresponding to
the OASES spectrum case and the plots obtained using the Butterworth ﬁlter with
cut-oﬀ frequencies 1, 500 Hz and 14, 000 Hz are termed as plots corresponding to the
full spectrum case.
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7.1.1 Receiver 1
The time series and spectrogram plots, in the case of simulated results for receiver
1, ﬁgure 7-1 - ﬁgure 7-2, show that the specular wave arrives at around 1.8 millisec-
onds followed by the helical wave at around 2.6 milliseconds. Also, there seems to
be interference between the two waves. The subsequent arrivals for this and other
receivers are insigniﬁcant as they get attenuated in the ﬂuid/material medium quite
fast. The order of arrivals is expected as the geometric conﬁguration is such that the
specular echo is expected to arrive earlier than the helical wave. The start time for
the time series is 0.5 milliseconds earlier than the expected arrival time of the incident
wave at the respective receivers. This is done to capture the earlier arrivals in the
spectrogram plots and to maintain uniformity. One important thing to be noted is
the fact that the analysis is done only for the two waves mentioned and there could
be other waves which could arrive at a similar or later time and result in interference
and enhancement of the intensity of received signals at those times. The maximum
amplitude as predicted by OASES is about 0.0175N/m2 as seen from the time series.
Also, from the spectrogram, the intensity of arrivals is highest between 3 kHz and 5
kHz. It is because the OASES simulations have been done for frequencies between 2
kHz and 6 kHz due to the computationally intensive nature of the virtual source ap-
proach, but the frequency range is enough to extract part of the resonance spectrum
of the targets.
In the case of plots obtained by analyzing the experimental data, ﬁgure 7-3 -
ﬁgure 7-6, the specular wave arrives at around 1.1 milliseconds, while the helical
wave arrives at around 1.6 milliseconds. The arrival time of the specular wave at the
ﬁrst receiver is around 0.7 milliseconds less than what is predicted by OASES and
is around 0.5 milliseconds less if the maximum group delay is taken into account.
This could be attributed to the sources of error described at the start of this chapter.
The bottom specular wave, which is the wave that arrives directly at the receiver
after getting reﬂected from sea bottom, arrives at around 1 millisecond. This wave
is not seen in the OASES plots as it is a part of the incident spectrum and not the
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scattered spectrum. There are signiﬁcant arrivals at around 3 milliseconds and 6
milliseconds which are consistently present at all the other receivers as well, although
their arrival times change and progressively reduce with the height of the receivers.
Further investigations need to be done to ascertain the cause of these arrivals but
they could be the waves supported by the ﬁller material of the cylinder or the waves
reﬂected by the cage. These waves are subsequently termed as the `Unknown' waves
in this chapter. The maximum amplitude in the time series plot is about 150 A/D
units for the full spectrum case and about 50 A/D units for the OASES spectrum
case. The intensity of arrivals is maximum between 5 kHz and 15 kHz for the full
spectrum case.
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Figure 7-1: Time series of the scattered ﬁeld recorded by receiver 1 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.8 ms, and helical wave: 2.6 ms.
Figure 7-2: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as predicted by OASES.
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Figure 7-3: Time series of the scattered ﬁeld recorded by receiver 1 as obtained from
experimental analysis (OASES spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular wave: 1 ms, specular echo: 1.1 ms, helical
wave: 1.6 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) waves.
Figure 7-4: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis (OASES spectrum).
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Figure 7-5: Time series of the scattered ﬁeld recorded by receiver 1 as obtained from
experimental analysis (full spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular wave: 1 ms, specular echo: 1.1 ms, helical
wave: 1.6 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) waves.
Figure 7-6: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis (full spectrum).
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7.1.2 Receiver 2
For the second receiver, in the case of simulated results, ﬁgure 7-7 - ﬁgure 7-8, the
specular wave arrives at around 1.7 milliseconds and the helical wave at around 2.4
milliseconds. The maximum amplitude as predicted by OASES is about 0.023N/m2
and the frequency range for the highest intensity of arrivals is between 3 kHz and 5
kHz.
In the case of plots obtained from experimental analysis, ﬁgure 7-9 - ﬁgure 7-10,
the specular wave arrives at around 1 millisecond, which is also the arrival time of
the bottom specular wave(around 0.9 milliseconds), while the helical wave arrives at
around 1.5 milliseconds. The maximum amplitude in the time series plot is about
160 A/D units and the intensity of arrivals is maximum between 5 kHz and 15 kHz.
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Figure 7-7: Time series of the scattered ﬁeld recorded by receiver 2 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.7 ms, and helical wave: 2.4 ms.
Figure 7-8: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as predicted by OASES.
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Figure 7-9: Time series of the scattered ﬁeld recorded by receiver 2 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of bottom specular wave: 0.9 ms, specular echo: 1 ms, helical wave: 1.5 ms,
and unidentiﬁed (ﬁller material supported or cage reﬂected) waves.
Figure 7-10: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as obtained from experimental analysis.
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7.1.3 Receiver 3
In the OASES plots for the third receiver, ﬁgure 7-11 - ﬁgure 7-12, the specular wave
arrives at around 1.6milliseconds and the helical wave at around 2.4milliseconds. The
maximum amplitude as predicted by OASES is about 0.027N/m2 and the frequency
range for the highest intensity of arrivals is between 3 kHz and 5 kHz, as before.
In the case of plots obtained from experimental analysis, ﬁgure 7-13 - ﬁgure 7-14,
the specular wave arrives at around 1.2 milliseconds, while the helical wave arrives at
around 1.6 milliseconds. The arrival time of the specular wave at the third receiver
is around 0.4 milliseconds less than what is predicted by OASES and is around 0.2
milliseconds less if the maximum group delay is taken into account. The bottom
specular wave arrives at around 0.9 milliseconds. The maximum amplitude in the
time series plot is about 250 A/D units and the intensity of arrivals is maximum
between 5 kHz and 15 kHz.
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Figure 7-11: Time series of the scattered ﬁeld recorded by receiver 3 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.6 ms, and helical wave: 2.4 ms.
Figure 7-12: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as predicted by OASES.
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Figure 7-13: Time series of the scattered ﬁeld recorded by receiver 3 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of bottom specular wave: 0.9 ms, specular echo: 1.2 ms, helical wave: 1.6 ms,
and unidentiﬁed (ﬁller material supported or cage reﬂected) waves.
Figure 7-14: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as obtained from experimental analysis.
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7.1.4 Receiver 4
For the fourth receiver, in the case of OASES plots, ﬁgure 7-15 - ﬁgure 7-16, the
specular wave arrives at around 1.4 milliseconds and the helical wave at around 2.1
milliseconds. The maximum amplitude as predicted by OASES is about 0.04N/m2
and the frequency range for the highest intensity of arrivals is between 3 kHz and 5
kHz.
In the case of plots obtained from experimental analysis, ﬁgure 7-17 - ﬁgure 7-20,
the specular wave arrives at around 1 millisecond, while the helical wave arrives at
around 1.4milliseconds. The bottom specular wave arrives at around 0.8milliseconds.
The maximum amplitude in the time series plot is about 180 A/D units for the full
spectrum case and about 65 A/D units for the OASES spectrum case. The intensity
of arrivals is maximum between 5 kHz and 15 kHz for the full spectrum case.
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Figure 7-15: Time series of the scattered ﬁeld recorded by receiver 4 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.4 ms, and helical wave: 2.1 ms.
Figure 7-16: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as predicted by OASES.
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Figure 7-17: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis (OASES spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular wave: 0.8 ms, specular echo: 1 ms, helical
wave: 1.4 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) waves.
Figure 7-18: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis (OASES spectrum).
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Figure 7-19: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis (full spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular wave: 0.8 ms, specular echo: 1 ms, helical
wave: 1.4 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) waves.
Figure 7-20: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis (full spectrum).
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7.1.5 Receiver 6
In the case of OASES plots for the sixth receiver, ﬁgure 7-21 - ﬁgure 7-22, the specular
wave arrives at around 1 millisecond, while the helical wave arrives at around 1.8
milliseconds. The two waves arrive relatively earlier because the specular wave gets
reﬂected from the curved body of the cylinder and not from the hemispherical end
caps. The maximum amplitude as predicted by OASES is about 0.025N/m2.
In the case of plots obtained from experimental analysis, ﬁgure 7-23 - ﬁgure 7-24,
the specular wave arrives at around 0.6 milliseconds, while the helical wave arrives at
around 1.1 milliseconds. The arrival time of the specular wave at the sixth receiver
is around 0.4 milliseconds less than what is predicted by OASES and is around 0.2
milliseconds less if the maximum group delay is taken into account. The bottom
specular wave arrives at around 0.6milliseconds. The maximum amplitude in the time
series plot is about 125 A/D units and the intensity of arrivals is maximum between
5 kHz and 15 kHz. Again the waves arrive relatively earlier because the reﬂection
takes place from the curved portion of the cylinder and not from the hemispherical
end caps. Also, there is considerable interference between the helical wave and the
ﬁrst of the `Unknown' waves.
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Figure 7-21: Time series of the scattered ﬁeld recorded by receiver 6 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1 ms, and helical wave: 1.8 ms.
Figure 7-22: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as predicted by OASES.
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Figure 7-23: Time series of the scattered ﬁeld recorded by receiver 6 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of bottom specular wave: 0.6 ms, specular echo: 0.6 ms, helical wave: 1.1 ms,
and unidentiﬁed (ﬁller material supported or cage reﬂected) waves.
Figure 7-24: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as obtained from experimental analysis.
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7.2 Back scattering time series and spectrogram plots
The exact back scattered data corresponds to 50o position of the cage. The plots
for the back scattering case also take into account the First Bottom Bounce wave
which is the wave reﬂected by the sea bottom after it gets reﬂected from the target.
For receivers 1 and 4, the time series and the spectrogram plots are also obtained
with a 6th order Butterworth ﬁlter with cut-oﬀ frequencies 1, 500 Hz and 6, 000 Hz to
compare with the OASES results. Henceforth, plots obtained by using this ﬁlter are
termed as plots corresponding to the OASES spectrum case and the plots obtained
using the Butterworth ﬁlter with cut-oﬀ frequencies 1, 500 Hz and 14, 000 Hz are
termed as plots corresponding to the full spectrum case.
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7.2.1 Receiver 1
The simulated time series and the spectrogram plots for receiver 1, ﬁgure 7-25 -
ﬁgure 7-26, show that the specular wave arrives at around 2.1 milliseconds followed
by the helical wave at around 3.3 milliseconds. The subsequent arrivals for this and
other receivers are insigniﬁcant as they get attenuated in the ﬂuid/material medium
quite fast. The order of arrivals is expected as the geometric conﬁguration is such
that the specular echo is expected to arrive earlier than the helical wave. The ﬁrst
bottom bounce wave starts showing up at receiver 2 and at receivers that are below
receiver 2. Again, the start time for the time series is 0.5 milliseconds earlier than the
expected arrival time of the incident wave at the respective receivers. This is done
to capture the earlier arrivals in the spectrogram plots and to maintain uniformity.
One important thing to be noted is the fact that the analysis is done only for the
three waves mentioned and there could be other waves which could arrive at a similar
or later time and result in interference and enhancement of the intensity of received
signals at those times. The maximum amplitude as predicted by OASES is about
0.01N/m2 as seen from the time series. Also, from the spectrogram, the intensity of
arrivals is highest between 3 kHz and 5 kHz.
In the case of plots obtained by analyzing the experimental data, ﬁgure 7-27 -
ﬁgure 7-30, the specular wave arrives at around 1.4 milliseconds, while the helical
wave arrives at around 3.6 milliseconds. The arrival time of the specular wave at the
ﬁrst receiver is around 0.7 milliseconds less than what is predicted by OASES and
is around 0.5 milliseconds less if maximum group delay is taken into account. This
could be attributed to the sources of error described at the start of this chapter. The
helical wave, however, for all the receivers, seems to arrive at around the same time
as the ﬁrst of the `Unknown' waves and its arrival time is more or less consistent with
OASES plots if the maximum group delay is taken into account. The bottom specular
wave arrives at around 1 millisecond. This wave is not seen in the OASES plots as it is
a part of the incident spectrum and not the scattered spectrum. There are signiﬁcant
arrivals at around 2.5 milliseconds, 3.6 milliseconds and 6 milliseconds which are
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consistently present at all the other receivers as well, although their arrival times
change. Further investigations need to be done to ascertain the cause of these arrivals
but they could be the waves supported by the ﬁller material of the cylinder or the
waves reﬂected by the cage. The later two are observed in the experimental forward
scattering time series and spectrogram plots as well. The maximum amplitude in the
time series plot is about 80 A/D units for the full spectrum case and about 25 A/D
units for the OASES spectrum case. The intensity of arrivals is maximum between 5
kHz and 15 kHz for the full spectrum case.
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Figure 7-25: Time series of the scattered ﬁeld recorded by receiver 1 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.1 ms and helical wave: 3.3 ms.
Figure 7-26: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as predicted by OASES.
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Figure 7-27: Time series of the scattered ﬁeld recorded by receiver 1 as obtained from
experimental analysis (OASES spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular wave: 1 ms, specular echo: 1.4 ms, helical
wave: 3.6 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) waves.
Figure 7-28: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis (OASES spectrum).
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Figure 7-29: Time series of the scattered ﬁeld recorded by receiver 1 as obtained from
experimental analysis (full spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular wave: 1 ms, specular echo: 1.4 ms, helical
wave: 3.6 ms, and unidentiﬁed (ﬁller material supported or cage reﬂected) waves.
Figure 7-30: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis (full spectrum).
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7.2.2 Receiver 2
For the simulated results using OASES for the second receiver, ﬁgure 7-31 - ﬁgure 7-
32, the specular wave arrives at around 2.2milliseconds and the helical wave at around
3.8 milliseconds. The ﬁrst bottom bounce wave arrives at around 2.6 milliseconds.
There seems to be an unknown arrival at the location of the helical wave. This
particular arrival is present for all the receivers placed below receiver 2 and appears
as a distinct arrival, separate from the helical wave. It is seen in the experimental
plots as well and further studies need to be carried out to decipher its source. The
maximum amplitude as predicted by OASES is about 0.009N/m2 and the frequency
range for the highest intensity of arrivals is between 3 kHz and 5 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 7-33 - ﬁgure 7-34,
the specular wave arrives at around 1.5 milliseconds, while the helical wave arrives at
around 3.7 milliseconds. The bottom specular wave arrives at around 1 millisecond
and the ﬁrst bottom bounce wave arrives at around 1.9 milliseconds. The maximum
amplitude in the time series plot is about 90 A/D units and the intensity of arrivals
is maximum between 5 kHz and 15 kHz.
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Figure 7-31: Time series of the scattered ﬁeld recorded by receiver 2 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.2 ms, ﬁrst bottom bounce wave: 2.6 ms, helical wave: 3.8 ms, and
unknown arrival.
Figure 7-32: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as predicted by OASES.
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Figure 7-33: Time series of the scattered ﬁeld recorded by receiver 2 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of bottom specular wave: 1 ms, specular echo: 1.5 ms, ﬁrst bottom bounce
wave: 1.9 ms, helical wave: 3.7 ms, and unidentiﬁed (ﬁller material supported or cage
reﬂected) waves.
Figure 7-34: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as obtained from experimental analysis.
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7.2.3 Receiver 3
For the simulated results using OASES for the third receiver, ﬁgure 7-35 - ﬁgure 7-36,
the specular wave arrives at around 2.0milliseconds and the helical wave at around 3.9
milliseconds. The ﬁrst bottom bounce wave arrives at around 2.5 milliseconds. The
maximum amplitude as predicted by OASES is about 0.0085N/m2 and the frequency
range for the highest intensity of arrivals is between 3 kHz and 5 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 7-37 - ﬁgure 7-38,
the specular wave arrives at around 1.5 milliseconds, while the helical wave arrives at
around 3.8 milliseconds. The arrival time of specular wave is around 0.5 milliseconds
less than what is predicted by OASES and around 0.3 milliseconds less if maximum
group delay is taken into account. The bottom specular wave arrives at around 0.9
milliseconds and the ﬁrst bottom bounce wave arrives at around 2 milliseconds. The
maximum amplitude in the time series plot is about 110 A/D units and the intensity
of arrivals is maximum between 5 kHz and 15 kHz.
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Figure 7-35: Time series of the scattered ﬁeld recorded by receiver 3 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.0 ms, ﬁrst bottom bounce wave: 2.5 ms, helical wave: 3.9 ms, and
unknown arrival.
Figure 7-36: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as predicted by OASES.
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Figure 7-37: Time series of the scattered ﬁeld recorded by receiver 3 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of bottom specular wave: 0.9 ms, specular echo: 1.5 ms, ﬁrst bottom bounce
wave: 2 ms, helical wave: 3.8 ms, and unidentiﬁed (ﬁller material supported or cage
reﬂected) waves.
Figure 7-38: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as obtained from experimental analysis.
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7.2.4 Receiver 4
For the OASES plots of the fourth receiver, ﬁgure 7-39 - ﬁgure 7-40, the specular wave
arrives at around 2.1 milliseconds and the helical wave at around 4.1 milliseconds.
The ﬁrst bottom bounce wave arrives at around 2.5 milliseconds. The maximum
amplitude as predicted by OASES is about 0.0085N/m2 and the frequency range for
the highest intensity of arrivals is between 3 kHz and 5 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 7-41 - ﬁgure 7-44,
the specular wave arrives at around 1.6 milliseconds, while the helical wave arrives at
around 3.8 milliseconds. The arrival time of specular wave is around 0.5 milliseconds
less than what is predicted by OASES and around 0.3 milliseconds less if maximum
group delay is taken into account. The bottom specular wave arrives at around
0.9 milliseconds and the ﬁrst bottom bounce wave arrives at around 2 milliseconds.
The maximum amplitude in the time series plot is about 100 A/D units for the full
spectrum case and about 40 A/D units for the OASES spectrum case. The intensity
of arrivals is maximum between 5 kHz and 15 kHz for the full spectrum case.
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Figure 7-39: Time series of the scattered ﬁeld recorded by receiver 4 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.1 ms, ﬁrst bottom bounce wave: 2.5 ms, helical wave: 4.1 ms, and
unknown arrival.
Figure 7-40: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as predicted by OASES.
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Figure 7-41: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis (OASES spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular wave: 0.9 ms, specular echo: 1.6 ms, ﬁrst
bottom bounce wave: 2 ms, helical wave: 3.8 ms, and unidentiﬁed (ﬁller material
supported or cage reﬂected) waves.
Figure 7-42: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis (OASES spectrum).
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Figure 7-43: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis (full spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular wave: 0.9 ms, specular echo: 1.6 ms, ﬁrst
bottom bounce wave: 2 ms, helical wave: 3.8 ms, and unidentiﬁed (ﬁller material
supported or cage reﬂected) waves.
Figure 7-44: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis (full spectrum).
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7.2.5 Receiver 6
In the case of OASES plots for the sixth receiver, ﬁgure 7-45 - ﬁgure 7-46, the specular
wave arrives at around 1.9 milliseconds while the helical wave arrives at around 4.1
milliseconds. The ﬁrst bottom bounce wave arrives at around 2.2 milliseconds. The
maximum amplitude as predicted by OASES is about 0.0075N/m2.
In the case of plots obtained from experimental analysis, ﬁgure 7-47 - ﬁgure 7-48,
the specular wave arrives at around 1.7 milliseconds, while the helical wave arrives at
around 3.9 milliseconds. The arrival time of specular wave is around 0.2 milliseconds
less than what is predicted by OASES and hence, exact if maximum group delay is
taken into account. The bottom specular wave arrives at around 0.7 milliseconds
and the ﬁrst bottom bounce wave arrives at around 2 milliseconds. The maximum
amplitude in the time series plot is about 100 A/D units and the intensity of arrivals
is maximum between 5 kHz and 15 kHz. It is seen that the specular echo and the
bottom specular wave are spaced further apart, as the receiver depth increases. This
is in agreement with geometry considerations.
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Figure 7-45: Time series of the scattered ﬁeld recorded by receiver 6 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.9 ms, ﬁrst bottom bounce wave: 2.2 ms, helical wave: 4.1 ms, and
unknown arrival.
Figure 7-46: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as predicted by OASES.
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Figure 7-47: Time series of the scattered ﬁeld recorded by receiver 6 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of bottom specular wave: 0.7 ms, specular echo: 1.7 ms, ﬁrst bottom bounce
wave: 2 ms, helical wave: 3.9 ms, and unidentiﬁed (ﬁller material supported or cage
reﬂected) waves.
Figure 7-48: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as obtained from experimental analysis.
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7.3 Azimuth Stacked Time Series
The azimuth stacked time series represents the arrival times of diﬀerent waves eval-
uated as a function of azimuth and hence gives a picture of how the waves travel
in diﬀerent directions from the target. The plots have been shown in rectangular
and polar domains. The rectangular domain plots have been used to identify the
diﬀerent waves based on the analysis of `in-plane' i.e., forward and back scattering
conﬁgurations and the polar domain plots give a better picture of the source-target
conﬁguration and also displays how the waves follow the cage rotation. If the trace for
a particular wave is not clearly discernible, the approximate path of the travel time
is given by the streak in between the two highlighted ellipses in the forward and back
scattering regions. The dynamic range of azimuth stacked time series obtained by
analyzing the experimental data has been reduced to 0.3 dB to emphasize the arrival
times of diﬀerent waves, unlike the simulated ones, which have a dynamic range of
80 dB. Hence, the colorbar in the former case has not been plotted.
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7.3.1 Receiver 1
In the simulated plots, ﬁgure 7-49 - ﬁgure 7-50, the travel time of specular echo almost
remains constant, although it is comparatively longer in the back scattering direction.
The travel time of helical wave increases in the back scattering direction as expected.
However, it appears very close to the specular echo in the forward scattering direction.
In the experimental plots, ﬁgure 7-51 - ﬁgure 7-52, the travel times of specular
echo and bottom specular wave, as the cage is rotated, almost remain constant. The
`Unknown' waves have longer arrival times in the back scattering direction and the
helical wave is not that prominent.
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Figure 7-49: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 1 as pre-
dicted by OASES.
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Figure 7-50: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 1, with discrete time
steps as radial function, as predicted by OASES.
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Figure 7-51: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 1 as obtained
from experimental analysis.
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Figure 7-52: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 1, with discrete time
steps as radial function, as obtained from experimental analysis.
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7.3.2 Receiver 2
In the simulated plots, ﬁgure 7-53 - ﬁgure 7-54, the travel time of specular echo almost
remains constant, although it is slightly longer in the back scattering direction. The
travel time of helical wave increases in the back scattering direction as expected.
However, it appears very close to the specular echo in the forward scattering direction.
In the back scattering region, the ﬁrst bottom bounce wave is seen as well but its
magnitude is less compared to the specular echo as veriﬁed from the corresponding
experimental plots.
In the experimental plots, ﬁgure 7-55 - ﬁgure 7-56, the travel times of specular
echo and bottom specular waves, as the cage is rotated, almost remain constant. The
`Unknown' waves have longer arrival times in the back scattering direction and the
helical wave is not that prominent. Also, the ﬁrst bottom bounce wave is seen near
the back scattering region and has low intensity. This is true for the other receivers
as well.
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Figure 7-53: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 2 as pre-
dicted by OASES.
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Figure 7-54: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 2, with discrete time
steps as radial function, as predicted by OASES.
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Figure 7-55: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 2 as obtained
from experimental analysis.
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Figure 7-56: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 2, with discrete time
steps as radial function, as obtained from experimental analysis.
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7.3.3 Receiver 3
The travel times for the simulated case, ﬁgure 7-57 - ﬁgure 7-58, show a similar
pattern like receiver 2.
In the experimental plots, ﬁgure 7-59 - ﬁgure 7-60, the travel times of specular
echo and bottom specular wave, as the cage is rotated, almost remain constant. The
`Unknown' waves have longer arrival times in the back scattering direction and the
helical wave is not that prominent. There is not much diﬀerence from the cases of the
top two receivers. It is seen, however, that the later of the `Unknown' waves gradually
loose in intensity as the receiver depth increases.
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Figure 7-57: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 3 as pre-
dicted by OASES.
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Figure 7-58: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 3, with discrete time
steps as radial function, as predicted by OASES.
255
Figure 7-59: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 3 as obtained
from experimental analysis.
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Figure 7-60: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 3, with discrete time
steps as radial function, as obtained from experimental analysis.
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7.3.4 Receiver 4
The travel times for the simulated case, ﬁgure 7-61 - ﬁgure 7-62, show a similar
pattern like receivers 2 and 3.
In the experimental plots, ﬁgure 7-63 - ﬁgure 7-64, the travel times of specular
echo and bottom specular wave, as the cage is rotated, almost remain constant. The
`Unknown' waves have longer arrival times in the back scattering direction. The
diﬀerence between the arrival times in forward and back scattering directions for the
case of the `Unknown' waves increases gradually as the receiver depth increases. The
helical wave is not that prominent as is the case with other receivers.
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Figure 7-61: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 4 as pre-
dicted by OASES.
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Figure 7-62: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 4, with discrete time
steps as radial function, as predicted by OASES.
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Figure 7-63: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 4 as obtained
from experimental analysis.
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Figure 7-64: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 4, with discrete time
steps as radial function, as obtained from experimental analysis.
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7.3.5 Receiver 6
The travel times for the simulated case, ﬁgure 7-65 - ﬁgure 7-66, show a similar
pattern like receivers 2,3 and 4 but the forward scattering and corresponding back
scattering arrivals are spaced further apart.
In the experimental plots, ﬁgure 7-67 - ﬁgure 7-68, the pattern of arrival times
for diﬀerent waves is very much the same as observed for Receiver 4. However, the
diﬀerence between the arrival times in forward and back scattering directions increase
further.
263
Figure 7-65: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 6 as pre-
dicted by OASES.
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Figure 7-66: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 6, with discrete time
steps as radial function, as predicted by OASES.
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Figure 7-67: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 6 as obtained
from experimental analysis.
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Figure 7-68: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 6, with discrete time
steps as radial function, as obtained from experimental analysis.
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7.4 Vertical Stacked Time Series
The vertical stacked time series are shown for cage orientation of 50o, which corre-
sponds to the back scattering conﬁguration [ﬁgure 7-69 - ﬁgure 7-72]. The rectangular
domain and polar plots show how the diﬀerent waves analyzed, reach respective re-
ceivers at diﬀerent instants for a particular azimuth position. In this particular case
the arrivals at receivers 1,2,3,4 and 6 are shown. These plots are a vertical stack
of the time series shown above in sections 7.2 and 7.1 and can be used as a useful
summary for the same.
Figure 7-69: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of vertical angle and discrete time steps as predicted by OASES.
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Figure 7-70: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of vertical angle, with discrete time steps as radial
function, as predicted by OASES.
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Figure 7-71: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of vertical angle and discrete time steps as obtained from ex-
perimental analysis.
270
Figure 7-72: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of vertical angle, with discrete time steps as radial
function, as obtained from experimental analysis.
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7.5 Dome Plots
Dome plots are the mapping of average intensities recorded by each receiver at a
particular frequency, as the cage is rotated. The radial distance is the vertical angle
corresponding to a particular receiver position. It turns out that the intensity is
maximum in the forward scattering region. The experimental result, ﬁgure 7-74, also
shows high intensity near 145o position of the cage. This probably is due to the
high intensity of `ﬁller material supported or cage reﬂected' waves. The frequency
considered here is 5000 Hz and the receivers for which the results have been shown
are 1,2,3,4 and 6.
Figure 7-73: Dome mapping of average intensities in dB as a function of azimuth and
vertical angles at frequency 5000 Hz, as predicted by OASES.
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Figure 7-74: Dome mapping of average intensities in dB as a function of azimuth and
vertical angles at frequency 5000 Hz, as obtained from experimental analysis.
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Chapter 8
Experimental and modeling results of
the GOATS Sphere
The results shown for the GOATS sphere include the time series and the spectrogram
plots for the forward and back scattering conﬁgurations, the azimuth and vertical
stacked time series, and the dome plots which are illustrated in the following sections.
8.1 Forward scattering time series and spectrogram
plots
The forward scattering corresponds to −90o position of the cage. The forward and the
back scattering results are explicitly shown because the geometry could be worked out
exactly for these two cases and hence, they form a basis for detecting the arrival times
of diﬀerent waves. The green, red, blue lines, respectively represent the geometric
arrivals of the Specular Echo, Clockwise A0 wave and Counterclockwise A0 wave.
In this section and in section 8.2, the simulated results using OASES start at 0.5
milliseconds earlier than the expected arrival time of the incident wave at a particular
hydrophone, which can be estimated using geometry. Also the exact arrival times
calculated from geometry have been moved so as to align the respective specular
echos. In the case of experimental data analysis, the start time of the time series is
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the arrival time of the incident pulse. Because of band-pass ﬁltering, a delay, equal
to the group delay of the ﬁlter has been taken into account in the analysis of diﬀerent
arrival times. The group delay of a Butterworth ﬁlter is not constant and hence,
the maximum group delay of 0.3 milliseconds has been considered. This maximum
group delay corresponds to the ﬁlter with cut-oﬀ frequencies 1, 500 Hz and 14, 000 Hz.
So, if there is an exact match between the simulated and experimental arrivals, the
simulated arrivals should appear 0.2 milliseconds later than the corresponding arrivals
obtained by analyzing the experimental data. However, since we do not know the
exact geometry of the cage and the group delay could be anything between 0 and 0.3
milliseconds depending on the particular resonance frequency, there could be a small
mismatch. Furthermore, in the OASES simulations, it has been assumed that the
steel sphere is half-buried but in the experiment, the extent of burial was not known
accurately. It could be anything between 50% and 70%. The pan and tilt angles of
the TOPAS source are known to within 2 degrees of accuracy. The exact depth at
the location of the GOATS sphere was not known precisely either and it was found
by geometric interpolation. These could contribute to errors as well. Also, while
analyzing the experimental data, it has been observed that there is a constant shift
between the theoretical and observed arrivals of the incident pulse. So, it has been
assumed that the time diﬀerence between the diﬀerent arrivals and the incident pulse
is going to remain constant for the expected arrivals, obtained by using simple ray
tracing, and the arrivals obtained by analyzing the experimental data. The arrival
time of Bottom Specular wave, which is the wave that gets reﬂected directly from
the sea bottom, is computed for all the receivers as well. It is shown in magenta in
the experimental plots as it is a part of the incident spectrum and not the scattered
spectrum. For receivers 1 and 4, the time series and the spectrogram plots are also
obtained with a 6th order Butterworth ﬁlter with cut-oﬀ frequencies 1, 500 Hz and
6, 000 Hz to compare with the OASES results. Henceforth, plots obtained by using
this ﬁlter are termed as plots corresponding to the OASES spectrum case and the
plots obtained using the Butterworth ﬁlter with cut-oﬀ frequencies 1, 500 Hz and
14, 000 Hz are termed as plots corresponding to the full spectrum case.
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8.1.1 Receiver 1
The time series and the spectrogram plots, in the case of simulated results for receiver
1, ﬁgure 8-1 - ﬁgure 8-2, show that the specular wave arrives at about 2 milliseconds
followed by the ﬁrst counterclockwise A0 wave at around 3.2 milliseconds and the
ﬁrst clockwise A0 wave at around 4.1 milliseconds. The subsequent arrivals of the
Lamb waves are insigniﬁcant as they get attenuated in the ﬂuid medium quite fast.
The order of arrivals is expected as the geometrical conﬁguration is such that the
counterclockwise wave is expected to arrive earlier than the clockwise wave. The
start time for the time series is 0.5 milliseconds earlier than the expected arrival time
of the incident wave at the respective receivers. This is done to capture the earlier
arrivals in the spectrogram plots and to maintain uniformity. One important thing to
be noted is the fact that the analysis is done only for the three waves mentioned and
there could be other waves which could arrive at a similar or later time and result
in enhancement of the intensity of received signals at those times. The maximum
amplitude as predicted by OASES is about 0.015N/m2 as seen from the time series.
Also, from the spectrogram, the intensity of arrivals is highest between 2 kHz and 5
kHz. It is because the OASES simulations have been done for frequencies between
2 kHz and 6 kHz due to the computationally intensive nature of the virtual source
approach, but the frequency range is enough to extract part of the resonance spectrum
of the targets.
In the case of plots obtained from experimental analysis, ﬁgure 8-3 - ﬁgure 8-6, the
specular echo arrives at around 1 millisecond. However, the arrival time is expected to
be 1.8 milliseconds, which is 0.2 milliseconds less than the corresponding arrival time
predicted by OASES, if the maximum group delay is considered. The discrepancy
could be due to one or more sources of error discussed previously in the chapter and
further investigations need to be done to ﬁgure out the exact cause. The bottom
specular wave arrives at around 0.7 milliseconds. The ﬁrst counterclockwise A0 wave
arrives at around 2.8 milliseconds and the corresponding clockwise wave arrives at
around 3.7 milliseconds. The plot suggests that the ﬁrst clockwise wave arrives a
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little earlier than what is calculated. The arrival times of the Lamb waves are around
0.2 milliseconds less than what is predicted by OASES, after taking into account the
maximum group delay. The maximum amplitude is about 75 A/D units for the full
spectrum case and about 30 A/D units for the OASES spectrum case. There is a
signiﬁcant arrival at around 8 milliseconds which is present for all the other receivers
as well. Further studies need to be done to ascertain the cause of this arrival but this
could be due to a rock placed behind the GOATS sphere. Subsequently, this arrival
will be termed as the `Unknown Arrival' in this thesis. In the spectrogram plot, the
frequency range for the highest intensity of arrivals lies between 5 kHz and 15 kHz
for the full spectrum case.
278
Figure 8-1: Time series of the scattered ﬁeld recorded by receiver 1 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2 ms, ﬁrst counterclockwise A0 wave: 3.2 ms, and ﬁrst clockwise A0
wave: 4.1 ms.
Figure 8-2: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as predicted by OASES.
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Figure 8-3: Time series of the scattered ﬁeld recorded by receiver 1 as obtained from
experimental analysis (OASES spectrum). The ellipses from left to right, respec-
tively, depict the arrival times of bottom specular: 0.7 ms, specular echo: 1 ms, ﬁrst
counterclockwise A0 wave: 2.8 ms, ﬁrst clockwise A0 wave: 3.7 ms, and unknown
arrival(rock).
Figure 8-4: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis (OASES spectrum).
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Figure 8-5: Time series of the scattered ﬁeld recorded by receiver 1 as obtained
from experimental analysis (full spectrum). The ellipses from left to right, respec-
tively, depict the arrival times of bottom specular: 0.7 ms, specular echo: 1 ms, ﬁrst
counterclockwise A0 wave: 2.8 ms, ﬁrst clockwise A0 wave: 3.7 ms, and unknown
arrival(rock).
Figure 8-6: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis (full spectrum).
281
8.1.2 Receiver 2
In the OASES plots of the second receiver, ﬁgure 8-7 - ﬁgure 8-8, the specular wave
arrives at about 1.9 milliseconds, the ﬁrst counterclockwise A0 wave arrives at about
2.9 milliseconds and the ﬁrst clockwise A0 wave arrives at about 4 milliseconds. The
maximum amplitude as predicted by OASES is about 0.016N/m2 and the frequency
range for the highest intensity of arrivals is between 2 kHz and 5 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 8-9 - ﬁgure 8-10,
the specular arrives at around 0.9 milliseconds. The bottom specular wave arrives
at around 0.7 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around 2.5
milliseconds and the corresponding clockwise wave arrives at around 3.6 milliseconds.
There is considerable interference at the locations of the ﬁrst Lamb waves which
suggest there could be other arrivals. Further investigations need to be done to ﬁgure
out the cause of these arrivals. The maximum amplitude is about 105 A/D units.
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Figure 8-7: Time series of the scattered ﬁeld recorded by receiver 2 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.9 ms, ﬁrst counterclockwise A0 wave: 2.9 ms, and ﬁrst clockwise A0
wave: 4 ms.
Figure 8-8: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as predicted by OASES.
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Figure 8-9: Time series of the scattered ﬁeld recorded by receiver 2 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of bottom specular: 0.7 ms, specular echo: 0.9 ms, ﬁrst counterclockwise A0
wave: 2.5 ms, ﬁrst clockwise A0 wave: 3.6 ms, and unknown arrival(rock).
Figure 8-10: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as obtained from experimental analysis.
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8.1.3 Receiver 3
In the OASES plots of the third receiver, ﬁgure 8-11 - ﬁgure 8-12, the specular wave
arrives at about 1.8 milliseconds, the ﬁrst counterclockwise A0 wave arrives at about
2.7 milliseconds and the ﬁrst clockwise A0 wave arrives at about 3.9 milliseconds.
The maximum amplitude as predicted by OASES is about 0.015N/m2 which is the
same as that for the second receiver. The frequency range for the highest intensity of
arrivals is between 2 kHz and 5 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 8-13 - ﬁgure 8-14,
the specular arrives at around 0.8 milliseconds. The bottom specular wave arrives
at around 0.7 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around 2.3
milliseconds and the corresponding clockwise wave arrives at around 3.5 milliseconds.
The maximum amplitude is about 90 A/D units.
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Figure 8-11: Time series of the scattered ﬁeld recorded by receiver 3 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.8 ms, ﬁrst counterclockwise A0 wave: 2.7 ms, and ﬁrst clockwise A0
wave: 3.9 ms.
Figure 8-12: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as predicted by OASES.
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Figure 8-13: Time series of the scattered ﬁeld recorded by receiver 3 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of bottom specular: 0.7 ms, specular echo: 0.8 ms, ﬁrst counterclockwise A0
wave: 2.3 ms, ﬁrst clockwise A0 wave: 3.5 ms, and unknown arrival(rock).
Figure 8-14: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as obtained from experimental analysis.
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8.1.4 Receiver 4
In the OASES plots of the fourth receiver, ﬁgure 8-15 - ﬁgure 8-16, the specular
wave arrives at about 1.7 milliseconds, the ﬁrst counterclockwise A0 wave arrives at
about 2.5 milliseconds and the ﬁrst clockwise A0 wave arrives at about 3.7 millisec-
onds. The maximum amplitude as predicted by OASES is about 0.015N/m2. The
frequency range for the highest intensity of arrivals is between 2 kHz and 6 kHz.
At all the receivers, the amplitude of the ﬁrst clockwise Lamb wave is less than its
counterclockwise counterpart, probably, because it travels a lot further around the
shell before reaching the corresponding receiver.
In the case of plots obtained from experimental analysis, ﬁgure 8-17 - ﬁgure 8-20,
the specular arrives at around 0.7 milliseconds. The bottom specular wave arrives
at around 0.6 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around 2.1
milliseconds and the corresponding clockwise wave arrives at around 3.3 milliseconds.
There is considerable interference at the locations of the ﬁrst Lamb waves. The
maximum amplitude is about 70 A/D units for the full spectrum case and about 26
A/D units for the OASES spectrum case.
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Figure 8-15: Time series of the scattered ﬁeld recorded by receiver 4 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 1.7 ms, ﬁrst counterclockwise A0 wave: 2.5 ms, and ﬁrst clockwise A0
wave: 3.7 ms.
Figure 8-16: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as predicted by OASES.
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Figure 8-17: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis (OASES spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular: 0.6 ms, specular echo: 0.7 ms, ﬁrst
counterclockwise A0 wave: 2.1 ms, ﬁrst clockwise A0 wave: 3.3 ms, and unknown
arrival(rock).
Figure 8-18: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis (OASES spectrum).
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Figure 8-19: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis (full spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular: 0.6 ms, specular echo: 0.7 ms, ﬁrst
counterclockwise A0 wave: 2.1 ms, ﬁrst clockwise A0 wave: 3.3 ms, and unknown
arrival(rock).
Figure 8-20: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis (full spectrum).
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8.1.5 Receiver 6
In the OASES plots of the sixth receiver, ﬁgure 8-21 - ﬁgure 8-22, the specular wave
arrives at about 2.1 milliseconds, the ﬁrst counterclockwise A0 wave arrives at about
2.7 milliseconds and the ﬁrst clockwise A0 wave arrives at about 4.2 milliseconds.
The maximum amplitude as predicted by OASES is about 0.04N/m2. The frequency
range for the highest intensity of arrivals is between 2 kHz and 6 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 8-23 - ﬁgure 8-24,
the specular arrives at around 1.1 milliseconds. The bottom specular wave arrives
at around 0.5 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around 2.1
milliseconds and the corresponding clockwise wave arrives at around 3.6 milliseconds.
There is considerable interference at the locations of the ﬁrst Lamb waves as was the
case with the receivers at the top. The maximum amplitude is about 85 A/D units.
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Figure 8-21: Time series of the scattered ﬁeld recorded by receiver 6 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.1 ms, ﬁrst counterclockwise A0 wave: 2.7 ms, and ﬁrst clockwise A0
wave: 4.2 ms.
Figure 8-22: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as predicted by OASES.
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Figure 8-23: Time series of the scattered ﬁeld recorded by receiver 6 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of bottom specular: 0.5 ms, specular echo: 1.1 ms, ﬁrst counterclockwise A0
wave: 2.1 ms, ﬁrst clockwise A0 wave: 3.6 ms, and unknown arrival(rock).
Figure 8-24: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as obtained from experimental analysis.
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8.1.6 Receiver 8
In the case of OASES plots for the eighth receiver, ﬁgure 8-25 - ﬁgure 8-26, no specular
wave is detected, as from geometry calculations it can be ascertained that there will be
no specular waves for the receivers at the bottom. The ﬁrst counterclockwise A0 wave
arrives at about 2 milliseconds and the ﬁrst clockwise A0 wave arrives at about 3.6
milliseconds. The maximum amplitude as predicted by OASES is about 0.13N/m2.
As before, the frequency range for the highest intensity of arrivals is between 2 kHz
and 6 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 8-27 - ﬁgure 8-28,
the ﬁrst counterclockwise A0 wave arrives at around 1.6 milliseconds and the corre-
sponding clockwise wave arrives at around 3.2 milliseconds. The maximum amplitude
is about 130 A/D units. There seems to be an arrival in front of the counterclockwise
Lamb wave but its origin is unknown and further studies need to be done to decipher
its cause.
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Figure 8-25: Time series of the scattered ﬁeld recorded by receiver 8 as predicted by
OASES. The ellipses from left to right, respectively, depict the arrival times of ﬁrst
counterclockwise A0 wave: 2 ms, and ﬁrst clockwise A0 wave: 3.6 ms.
Figure 8-26: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 8 as predicted by OASES.
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Figure 8-27: Time series of the scattered ﬁeld recorded by receiver 8 as obtained from
experimental analysis. The ellipses from left to right, respectively, depict the arrival
times of ﬁrst counterclockwise A0 wave: 1.6 ms, ﬁrst clockwise A0 wave: 3.2 ms, and
unknown arrival(rock).
Figure 8-28: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 8 as obtained from experimental analysis.
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8.2 Back scattering time series and spectrogram plots
The exact back scattering corresponds to 90o position of the cage. For receivers 1
and 4, the time series and the spectrogram plots are also obtained with a 6th order
Butterworth ﬁlter with cut-oﬀ frequencies 1, 500 Hz and 6, 000 Hz to compare with
the OASES results. Henceforth, plots obtained by using this ﬁlter are termed as
plots corresponding to the OASES spectrum case and the plots obtained using the
Butterworth ﬁlter with cut-oﬀ frequencies 1, 500 Hz and 14, 000 Hz are termed as
plots corresponding to the full spectrum case.
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8.2.1 Receiver 1
The OASES time series and the spectrogram plots for receiver 1, ﬁgure 8-29 - ﬁgure 8-
30, show that the specular wave arrives at about 2.4 milliseconds followed by the ﬁrst
counterclockwise A0 wave at around 3.7milliseconds and the ﬁrst clockwise A0 wave at
around 4.4 milliseconds. The subsequent arrivals of the Lamb waves are insigniﬁcant
as they get attenuated in the ﬂuid medium quite fast. The order of arrivals is expected
as the geometrical conﬁguration is such that the counterclockwise wave is expected to
arrive earlier than the clockwise wave. Nevertheless, as the receiver depth increases
the diﬀerence between the arrival times of clockwise and the counterclockwise Lamb
waves reduces and at the bottommost receiver, the clockwise wave takes over. As
before, the start time of the time series is 0.5 milliseconds earlier than the expected
arrival time of the incident wave at the respective receivers. This is done to capture
the earlier arrivals in the spectrogram plots and to maintain uniformity. Again the
analysis is done only for the three waves mentioned and there could be other waves
which could arrive at a similar or later time and result in enhancement of the intensity
of received signals at those times. However, they don't seem to be present in the time
series for most of the receivers. The maximum amplitude as predicted by OASES
is about 0.015N/m2, as seen from the time series. Also, from the spectrogram, the
intensity of arrivals is highest between 2 kHz and 5 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 8-31 - ﬁgure 8-34,
the specular echo arrives at around 1.4 milliseconds. However, the arrival time is
expected to be 2.2 milliseconds, which is 0.2 milliseconds less than the corresponding
arrival time predicted by OASES. The discrepancy could be due to one or more
sources of error discussed previously in the chapter and further investigations need
to be done to ﬁgure out the exact cause. The bottom specular wave arrives at
around 0.7 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around 3.3
milliseconds and the corresponding clockwise wave arrives at around 4 milliseconds.
The arrival times of the Lamb waves are around 0.2 milliseconds less than what
is predicted by OASES, after taking into account the maximum group delay. The
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maximum amplitude is about 75 A/D units for the full spectrum case and about 31
A/D units for the OASES spectrum case. There is a signiﬁcant arrival at around 9
milliseconds which is present for all the other receivers as well. Further studies need
to be done to ascertain the cause of this arrival but this could be due to a rock placed
behind the GOATS sphere. This arrival was observed in the experimental forward
scattering time series as well. Also, there seems to be an arrival between the specular
echo and the ﬁrst of the Lamb waves which becomes more prominent in subsequent
receivers. Again, further studies need to be done to ascertain the cause of this arrival.
Furthermore, there is considerable interference at the locations of the specular echo
and the Lamb waves. In the spectrogram plot, the frequency range for the highest
intensity of analyzed waves lies between 5 kHz and 15 kHz for the full spectrum case.
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Figure 8-29: Time series of the scattered ﬁeld recorded by receiver 1 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.4 ms, ﬁrst counterclockwise A0 wave: 3.7 ms, and ﬁrst clockwise A0
wave: 4.4 ms.
Figure 8-30: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as predicted by OASES.
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Figure 8-31: Time series of the scattered ﬁeld recorded by receiver 1 as obtained from
experimental analysis (OASES spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular: 0.7 ms, specular echo: 1.4 ms, ﬁrst
counterclockwise A0 wave: 3.3 ms, ﬁrst clockwise A0 wave: 4 ms, and unknown
arrival(rock).
Figure 8-32: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis (OASES spectrum).
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Figure 8-33: Time series of the scattered ﬁeld recorded by receiver 1 as obtained from
experimental analysis (full spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular: 0.7 ms, specular echo: 1.4 ms, ﬁrst
counterclockwise A0 wave: 3.3 ms, ﬁrst clockwise A0 wave: 4 ms, and unknown
arrival(rock).
Figure 8-34: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 1 as obtained from experimental analysis (full spectrum).
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8.2.2 Receiver 2
In the OASES plots of second receiver, ﬁgure 8-35 - ﬁgure 8-36, the specular wave
arrives at about 2.5 milliseconds, the ﬁrst counterclockwise A0 wave arrives at about
3.9 milliseconds and the ﬁrst clockwise A0 wave arrives at about 4.5 milliseconds.
The maximum amplitude as predicted by OASES is about 0.014N/m2.
In the case of plots obtained from experimental analysis, ﬁgure 8-37 - ﬁgure 8-38,
the specular arrives at around 1.5 milliseconds. The bottom specular wave arrives
at around 0.7 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around 3.5
milliseconds and the corresponding clockwise wave arrives at around 4.2 milliseconds.
The maximum amplitude is about 78 A/D units.
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Figure 8-35: Time series of the scattered ﬁeld recorded by receiver 2 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.5 ms, ﬁrst counterclockwise A0 wave: 3.9 ms, and ﬁrst clockwise A0
wave: 4.5 ms.
Figure 8-36: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as predicted by OASES.
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Figure 8-37: Time series of the scattered ﬁeld recorded by receiver 2 as obtained
from experimental analysis. The ellipses from left to right, respectively, depict the
arrival times of bottom specular: 0.7 ms, specular echo: 1.5 ms, unknown wave, ﬁrst
counterclockwise A0 wave: 3.5 ms, ﬁrst clockwise A0 wave: 4.2 ms, and unknown
arrival(rock).
Figure 8-38: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 2 as obtained from experimental analysis.
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8.2.3 Receiver 3
In the OASES plots of third receiver, ﬁgure 8-39 - ﬁgure 8-40, the specular wave
arrives at about 2.7 milliseconds, the ﬁrst counterclockwise A0 wave arrives at about
4.1 milliseconds and the ﬁrst clockwise A0 wave arrives at about 4.7 milliseconds.
The maximum amplitude as predicted by OASES is about 0.016N/m2.
In the case of plots obtained from experimental analysis, ﬁgure 8-41 - ﬁgure 8-42,
the specular arrives at around 1.7 milliseconds. The bottom specular wave arrives
at around 0.7 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around 3.7
milliseconds and the corresponding clockwise wave arrives at around 4.3 milliseconds.
The maximum amplitude is about 78 A/D units. There is considerable interference
at the locations of the bottom specular wave and the specular echo.
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Figure 8-39: Time series of the scattered ﬁeld recorded by receiver 3 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 2.7 ms, ﬁrst counterclockwise A0 wave: 4.1 ms, and ﬁrst clockwise A0
wave: 4.7 ms.
Figure 8-40: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as predicted by OASES.
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Figure 8-41: Time series of the scattered ﬁeld recorded by receiver 3 as obtained
from experimental analysis. The ellipses from left to right, respectively, depict the
arrival times of bottom specular: 0.7 ms, specular echo: 1.7 ms, unknown wave, ﬁrst
counterclockwise A0 wave: 3.7 ms, ﬁrst clockwise A0 wave: 4.3 ms, and unknown
arrival(rock).
Figure 8-42: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 3 as obtained from experimental analysis.
309
8.2.4 Receiver 4
In the case of the OASES plots for the fourth receiver, ﬁgure 8-43 - ﬁgure 8-44, the
specular echo arrives at about 3 milliseconds. The ﬁrst counterclockwise A0 wave
arrives at about 4.5 milliseconds and the ﬁrst clockwise A0 wave arrives at about 5
milliseconds. The maximum amplitude as predicted by OASES is about 0.021N/m2.
In the case of plots obtained from experimental analysis, ﬁgure 8-45 - ﬁgure 8-48,
the specular arrives at around 1.8 milliseconds. The bottom specular wave arrives
at around 0.7 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around 4.1
milliseconds and the corresponding clockwise wave arrives at around 4.6 milliseconds.
The maximum amplitude is about 72 A/D units for the full spectrum case and about
32 A/D units for the OASES spectrum case.
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Figure 8-43: Time series of the scattered ﬁeld recorded by receiver 4 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 3 ms, ﬁrst counterclockwise A0 wave: 4.5 ms, and ﬁrst clockwise A0
wave: 5 ms.
Figure 8-44: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as predicted by OASES.
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Figure 8-45: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis (OASES spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular: 0.7 ms, specular echo: 1.8 ms, ﬁrst
counterclockwise A0 wave: 4.1 ms, ﬁrst clockwise A0 wave: 4.6 ms, and unknown
arrival(rock).
Figure 8-46: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis (OASES spectrum).
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Figure 8-47: Time series of the scattered ﬁeld recorded by receiver 4 as obtained from
experimental analysis (full spectrum). The ellipses from left to right, respectively,
depict the arrival times of bottom specular: 0.7 ms, specular echo: 1.8 ms, ﬁrst
counterclockwise A0 wave: 4.1 ms, ﬁrst clockwise A0 wave: 4.6 ms, and unknown
arrival(rock).
Figure 8-48: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 4 as obtained from experimental analysis (full spectrum).
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8.2.5 Receiver 6
In the case of OASES plots for the sixth receiver, ﬁgure 8-49 - ﬁgure 8-50, the specular
echo arrives at about 3.1 milliseconds. The ﬁrst counterclockwise A0 wave arrives at
about 4.8 milliseconds and the ﬁrst clockwise A0 wave arrives at about 5 milliseconds.
The maximum amplitude as predicted by OASES is about 0.031N/m2. The frequency
range for the highest intensity of arrivals is between 3 kHz and 6 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 8-51 - ﬁgure 8-52,
the specular arrives at around 2 milliseconds. The bottom specular wave arrives at
around 0.6 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around 4.4
milliseconds and the corresponding clockwise wave arrives at around 4.6 milliseconds.
The maximum amplitude is about 90 A/D units.
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Figure 8-49: Time series of the scattered ﬁeld recorded by receiver 6 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 3.1 ms, ﬁrst counterclockwise A0 wave: 4.8 ms, and ﬁrst clockwise A0
wave: 5 ms.
Figure 8-50: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as predicted by OASES.
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Figure 8-51: Time series of the scattered ﬁeld recorded by receiver 6 as obtained
from experimental analysis. The ellipses from left to right, respectively, depict the
arrival times of bottom specular: 0.6 ms, specular echo: 2 ms, unknown wave, ﬁrst
counterclockwise A0 wave: 4.4 ms, ﬁrst clockwise A0 wave: 4.6 ms, and unknown
arrival(rock).
Figure 8-52: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 6 as obtained from experimental analysis.
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8.2.6 Receiver 8
In the OASES plots of the eighth receiver, ﬁgure 8-53 - ﬁgure 8-54, the specular
echo arrives at about 3.2 milliseconds. The ﬁrst clockwise A0 wave arrives at about
5 milliseconds which is also the arrival time of the ﬁrst counterclockwise A0 wave.
The maximum amplitude as predicted by OASES is about 0.04N/m2. The frequency
range for the highest intensity of arrivals of the waves analyzed is between 3 kHz and
6 kHz.
In the case of plots obtained from experimental analysis, ﬁgure 8-55 - ﬁgure 8-56,
the specular arrives at around 2.1 milliseconds. The bottom specular wave arrives
at around 0.5 milliseconds. The ﬁrst counterclockwise A0 wave arrives at around
4.6 milliseconds which is also the arrival time for the ﬁrst clockwise wave. There is
considerable interference at the locations of the ﬁrst Lamb waves, specular echo and
the bottom specular wave. The maximum amplitude is about 60 A/D units. It is
seen that the specular echo and the bottom specular wave are spaced further apart,
as the receiver depth increases. This is in agreement with geometry considerations.
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Figure 8-53: Time series of the scattered ﬁeld recorded by receiver 8 as predicted
by OASES. The ellipses from left to right, respectively, depict the arrival times of
specular echo: 3.2 ms, ﬁrst counterclockwise A0 wave: 5 ms, and ﬁrst clockwise A0
wave: 5 ms.
Figure 8-54: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 8 as predicted by OASES.
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Figure 8-55: Time series of the scattered ﬁeld recorded by receiver 8 as obtained
from experimental analysis. The ellipses from left to right, respectively, depict the
arrival times of bottom specular: 0.5 ms, specular echo: 2.1 ms, unknown wave, ﬁrst
counterclockwise A0 wave: 4.6 ms, ﬁrst clockwise A0 wave: 4.6 ms, and unknown
arrival(rock).
Figure 8-56: Spectrogram plot in dB for the time series of the scattered ﬁeld recorded
by receiver 8 as obtained from experimental analysis.
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8.3 Azimuth Stacked Time Series
The azimuth stacked time series represents the arrival times of diﬀerent waves eval-
uated as a function of azimuth and hence gives a picture of how the waves travel
in diﬀerent directions from the target. The plots have been shown in rectangular
and polar domains. The rectangular domain plots have been used to identify the
diﬀerent waves based on the analysis of `in-plane' i.e., forward and back scattering
conﬁgurations and the polar domain plots give a better picture of the source-target
conﬁguration and also displays how the waves follow the cage rotation. If the trace for
a particular wave is not clearly discernible, the approximate path of the travel time
is given by the streak in between the two highlighted ellipses in the forward and back
scattering regions. The dynamic range of azimuth stacked time series obtained by
analyzing the experimental data has been reduced to 0.3 dB to emphasize the arrival
times of diﬀerent waves. Hence, the colorbar in this case has not been plotted. Also
the analysis has been done for receivers 1,2,4,6 and 8, as the other cases are almost
similar.
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8.3.1 Receiver 1
In the simulated plots, ﬁgure 8-57 - ﬁgure 8-58, the travel times of specular echo and
the ﬁrst Lamb waves almost remain constant, although they increase slightly in the
back scattering direction.
In the experimental plots, ﬁgure 8-59 - ﬁgure 8-60, the travel times of specular
echo and bottom specular wave almost remain constant. The Lamb waves are not
that prominent and the trace for the `Unknown Arrival' is visible as well.
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Figure 8-57: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 1 as pre-
dicted by OASES.
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Figure 8-58: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 1, with discrete time
steps as radial function, as predicted by OASES.
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Figure 8-59: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 1 as obtained
from experimental analysis.
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Figure 8-60: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 1, with discrete time
steps as radial function, as obtained from experimental analysis.
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8.3.2 Receiver 2
In the simulated plots, ﬁgure 8-61 - ﬁgure 8-62, in the forward scattering region, all
the waves arrive between 2 and 4 milliseconds and the specular echo is much stronger.
In the back scattering region, the Lamb waves arrive almost coincidentally. The back
scattering arrival times are longer than the corresponding forward scattering arrival
times.
In the experimental plots, ﬁgure 8-63 - ﬁgure 8-64, the traces of diﬀerent waves
follow a similar pattern as in receiver 1. The Lamb waves are spaced further apart in
the forward scattering direction which makes the arrival time of the counterclockwise
Lamb wave shorter as expected, as it has to travel comparatively less distance around
the sphere.
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Figure 8-61: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 2 as pre-
dicted by OASES.
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Figure 8-62: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 2, with discrete time
steps as radial function, as predicted by OASES.
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Figure 8-63: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 2 as obtained
from experimental analysis.
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Figure 8-64: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 2, with discrete time
steps as radial function, as obtained from experimental analysis.
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8.3.3 Receiver 4
In the simulated plots, ﬁgure 8-65 - ﬁgure 8-66, in the forward scattering region,
the specular and the counterclockwise Lamb wave arrive almost coincidentally while
in the back scattering region the two Lamb waves arrive together. The diﬀerence
between the arrival times of the clockwise wave in the forward and back scattering
directions is less compared to the diﬀerence between arrival times of the other two
waves.
In the experimental plots, ﬁgure 8-67 - ﬁgure 8-68, the travel times follow a sim-
ilar pattern like in receiver 2. However, the diﬀerence between the back scattering
and forward scattering arrival times increases and the clockwise Lamb wave is much
attenuated.
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Figure 8-65: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 4 as pre-
dicted by OASES.
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Figure 8-66: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 4, with discrete time
steps as radial function, as predicted by OASES.
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Figure 8-67: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 4 as obtained
from experimental analysis.
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Figure 8-68: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 4, with discrete time
steps as radial function, as obtained from experimental analysis.
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8.3.4 Receiver 6
In the simulated plots, ﬁgure 8-69 - ﬁgure 8-70, the travel path for the specular echo
is clearly visible. The counterclockwise Lamb wave is much stronger in the forward
scattering region as it has to travel less distance around the target and hence it is
not attenuated much compared to its clockwise counterpart. Also, in the forward
scattering region, the specular and the counterclockwise Lamb wave arrive together
while in the back scattering region the two Lamb waves arrive together. The diﬀerence
between the arrival times of the clockwise wave in the forward and back scattering
directions is less compared to the diﬀerence between arrival times of the other two
waves.
In the experimental plots, ﬁgure 8-71 - ﬁgure 8-72, in the back scattering region
the bottom specular wave and the specular echo are separated and in the forward
scattering region there is considerable interference in the region between the specular
echo and the ﬁrst counterclockwise Lamb wave. Hence, it is diﬃcult to distinguish the
diﬀerent arrivals. The diﬀerence between the back scattering and forward scattering
arrival times increases further.
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Figure 8-69: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 6 as pre-
dicted by OASES.
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Figure 8-70: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 6, with discrete time
steps as radial function, as predicted by OASES.
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Figure 8-71: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 6 as obtained
from experimental analysis.
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Figure 8-72: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 6, with discrete time
steps as radial function, as obtained from experimental analysis.
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8.3.5 Receiver 8
In the simulated plots, ﬁgure 8-73 - ﬁgure 8-74, the arrival times show a similar
pattern. However, the specular echo is not visible in the forward scattering region and
the intensity of the counterclockwise A0 wave is signiﬁcant in the forward scattering
region.
In the experimental plots, ﬁgure 8-75 - ﬁgure 8-76, the specular echo and the
bottom specular waves are not visible in the forward scattering region and the `Un-
known Arrival' seems to be present at fewer azimuths compared to receiver 6. There
is considerable interference at the location of the ﬁrst counterclockwise Lamb wave
in the forward scattering direction which increases the intensity around that region.
The clockwise Lamb wave is much attenuated because it travels comparatively longer
distance around the sphere. In the back scattering direction the two Lamb waves
arrive almost coincidentally, while the bottom specular wave and the specular echo
are spaced well apart.
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Figure 8-73: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 8 as pre-
dicted by OASES.
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Figure 8-74: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 8, with discrete time
steps as radial function, as predicted by OASES.
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Figure 8-75: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of azimuth angle and discrete time steps for receiver 8 as obtained
from experimental analysis.
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Figure 8-76: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of azimuth angle for receiver 8, with discrete time
steps as radial function, as obtained from experimental analysis.
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8.4 Vertical Stacked Time Series
The vertical stacked time series are shown for cage orientation of 90o, which corre-
sponds to the back scattering conﬁguration [ﬁgure 8-77 - ﬁgure 8-80]. The rectangular
domain and polar plots show how the diﬀerent waves analyzed, reach respective re-
ceivers at diﬀerent instants for a particular azimuth position. In this particular case,
the arrivals at receivers 1,2,3,4,6 and 8 are shown. These plots are a vertical stack of
the time series shown in sections 8.1 and 8.2 and can be used as a useful summary
for the same.
Figure 8-77: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of vertical angle and discrete time steps as predicted by OASES.
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Figure 8-78: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of vertical angle, with discrete time steps as radial
function, as predicted by OASES.
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Figure 8-79: Frequency averaged magnitude of short time Fourier Transform in dB
plotted as a function of vertical angle and discrete time steps as obtained from ex-
perimental analysis.
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Figure 8-80: Polar plot of frequency averaged magnitude of short time Fourier Trans-
form in dB plotted as a function of vertical angle, with discrete time steps as radial
function, as obtained from experimental analysis.
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8.5 Dome Plots
Dome plots are the mapping of average intensities recorded by each receiver at a
particular frequency, as the cage is rotated. The radial distance is the vertical an-
gle corresponding to a particular receiver position. It turns out that the intensity is
maximum in the forward scattering region. The simulated result, ﬁgure 8-81, also has
high intensity in the back scattering direction at the location of receiver 8. This is
due to the high intensity of the analyzed waves. Because of the presence of unidenti-
ﬁed waves and considerable interference, the experimental plot, ﬁgure 8-82, has high
intensities in patches. The frequency considered here is 5000 Hz and the results have
been shown for receivers 1,2,3,4,6 and 8.
Figure 8-81: Dome mapping of average intensities in dB as a function of azimuth and
vertical angles at frequency 5000 Hz, as predicted by OASES.
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Figure 8-82: Dome mapping of average intensities in dB as a function of azimuth and
vertical angles at frequency 5000 Hz, as obtained from experimental analysis.
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Chapter 9
Summary
This chapter summarizes the results obtained for the three targets and discusses the
scope of future work.
9.1 Conclusions
9.1.1 Composite Sphere
In the forward scattering direction, there is a very good agreement between the sim-
ulated and experimental arrival times. Also the simulated and experimental arrival
times separately match with the corresponding geometric ones, after the respective
specular echos are superimposed. The maximum mismatch in the case of specular
echo is 0.2 milliseconds and for the Lamb waves is 0.3 milliseconds. This could be
attributed to imperfect knowledge of the cage geometry, group delay of the Butter-
worth ﬁlter, the pan and tilt positions of TOPAS source and the displaced center
of the target with respect to the center of the dome. In the experimental results, a
distinct arrival, referred to as `unidentiﬁed wave', is noted for all the receivers which
is not present in the OASES plots. This arrival is seen after the ﬁrst clockwise Lamb
wave for the top receivers and before the same wave for the receivers at the bottom.
This may be the wave supported by the ﬁller material inside the spherical shell or
a wave that is reﬂected from the cage. Also, the amplitude of the clockwise Lamb
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wave is less than the counterclockwise one, since it travels further round the sphere.
The specular echo is seen only for the top three receivers as predicted by geometry
calculations.
In the back scattering direction, the maximum mismatch of 0.5 milliseconds is
observed at receiver 6 for the specular echo. The counterclockwise Lamb wave arrives
earlier than the clockwise Lamb wave at the top receivers, but as the receiver depth
increases the clockwise Lamb wave catches up and at the bottommost receiver it ap-
pears earlier than the counterclockwise wave. However, there is not much diﬀerence
in the arrival times of the two Lamb waves, since they almost travel the same dis-
tance around the sphere. In the experimental plots, the unidentiﬁed wave is present
for all the receivers in the back scattering direction as well. Also, there seems to be
an arrival between the specular echo and the ﬁrst of the Lamb waves, which is con-
sistently present at all the receivers. However, this arrival is not seen in the forward
scattering direction. The experimental plots show considerable interference in both
the conﬁgurations.
In the azimuth stacked time series plots, the diﬀerence between the forward scat-
tered and back scattered arrival times increase gradually as the receiver depth in-
creases. This proves that the back scattered arrival times are longer than the corre-
sponding forward scattered arrival times. This is valid when the travel time of the
incident pulse is taken as the origin. In the experimental plots, the `ﬁller material sup-
ported or cage reﬂected wave' gradually merges, ﬁrst with the clockwise Lamb wave
and then with the counterclockwise Lamb wave in the forward scattering direction.
The Lamb waves arrive together in the back scattering region.
The modeled dome plot has maximum intensity in the forward scattering region as
expected, while the dome plot obtained from experimental data also has considerable
high intensity near 145o position of the cage. This could be due to the presence of
unidentiﬁed waves discussed above. The modeled dome plots show high intensity in
the back scattering region at the location of eighth receiver due to the presence of
spurious waves discussed in section 6.2.
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9.1.2 Composite Cylinder
The exact arrival time of the helical wave calculated using geometry, in the back scat-
tering direction, matches the corresponding arrival time obtained from experimental
analysis and modeling. In the forward scattering direction, however, there is a max-
imum mismatch of 0.8 milliseconds between the experimental and modeled arrivals,
after taking into account the maximum group delay. One of the reasons for this could
be the fact that the cage geometry is not known accurately. Also the pan and the
tilt positions of the TOPAS are known within 2 degrees of accuracy. However, the
arrival times calculated using geometry matches separately with the experimental and
modeled arrival times after the respective specular echos are superimposed. Specular
echos have a maximum mismatch of 0.5 milliseconds between the forward and back
scattering directions. Travel times of the specular echo and the helical waves are
reduced if they are reﬂected from the curved body of the cylinder, as for receiver
6 in the forward scattering direction. The arrival time of the bottom specular wave
calculated using geometry matches the corresponding experimental arrival time. It is,
however, not present in the OASES plots as it is a part of the incident spectrum and
not the scattered spectrum. The ﬁrst bottom bounce waves are not that prominent
and have a maximum mismatch of 0.5 milliseconds between the experimental and
modeled arrival times. Experimental plots also show considerable interference in the
forward and back scattering directions. In the back scattering direction, the diﬀerence
between the arrival times of specular echo and bottom specular wave increases as the
receiver depth increases. This is in agreement with geometry considerations.
There seems to be two distinct arrivals in the experimental time series which are
present for all the receivers considered. They show up as well-deﬁned traces in the
azimuth stacked time series suggesting they are present at all azimuth positions as
well. The nature of these waves are not identiﬁed in this thesis but they could be the
waves supported by the ﬁller material of the cylinder or the waves that are reﬂected
from the cage. In the back scattering direction, the helical wave appears coincidentally
with the earlier of these waves, which is also seen in the OASES plots for the same
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conﬁguration. Additionally, there could be an arrival between the ﬁrst bottom bounce
wave and the helical wave in the back scattering direction in the experimental data.
However, this arrival is not apparent in the forward scattering direction.
In the azimuth stacked time series plots, the diﬀerence between the forward scat-
tered and back scattered arrival times increase gradually as the receiver depth in-
creases. This proves that the back scattered arrival times are longer than the cor-
responding forward scattered arrival times. This is again valid when the travel time
of the incident pulse is taken as the origin. The trace of the unknown `ﬁller mate-
rial supported wave' is clearly visible and the helical wave is spaced apart from the
specular echo in the back scattering region as it has a longer travel path.
The modeled dome plot has maximum intensity in the forward scattering region as
expected, while the dome plot obtained from experimental data also has considerable
high intensity near the 145o position of the cage. This could be due to the presence
of unidentiﬁed waves discussed above.
9.1.3 GOATS Sphere
In the forward scattering direction, there is a maximum mismatch of 0.8 milliseconds
between the simulated and experimental arrival times of specular echo and 0.2 mil-
liseconds between the corresponding arrival times of the Lamb waves . This could
be attributed to imperfect knowledge of the cage geometry, group delay of the But-
terworth ﬁlter and the pan and tilt positions of TOPAS source. Also the depth at
the target location and the extent of burial is not known precisely. The simulated
and experimental arrival times match with the corresponding geometric ones after
the respective specular echos are superimposed. In the experimental results, there is
considerable interference at the locations of the Lamb waves and a distinct arrival is
noted for all the receivers which is not present in the OASES plots. This could be due
to a rock placed behind the target in the experimental set-up. The amplitude of the
clockwise Lamb wave is less than the counterclockwise one because it travels further
round the sphere. The specular echo is seen for the six top receivers as predicted by
geometry calculations.
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In the back scattering direction, the Lamb waves arrive almost coincidentally.
There is considerable interference among diﬀerent waves in the experimental time
series. The bottom specular wave and the specular echo are spaced further apart at
the lower receivers which is in agreement with geometry calculations. The distinct
arrival noted in the forward scattering direction is present in the back scattering
direction as well for all the receivers. Also, there seems to be another arrival between
the specular echo and the ﬁrst of the Lamb waves in the experimental plots. However,
this arrival is not apparent in the forward scattering direction.
In the azimuth stacked time series plots, the diﬀerence between the forward scat-
tered and back scattered arrival times increases gradually as the receiver depth in-
creases. The trace of the `Unknown Arrival' is clearly visible at diﬀerent azimuths for
most of the receivers. The Lamb waves arrive together in the back scattering region,
while in the forward scattering region the counterclockwise Lamb wave arrives earlier.
9.2 Future Work
The work in this thesis provides a framework for further studies on near ﬁeld scat-
tering from complicated targets. Future research could be directed at deciphering
the arrival times of more complex waves like the ones supported by the ﬁller mate-
rial of the sphere or cylinder for improved target classiﬁcation and detection. Since
considerable attention has been given to scattering from simple geometric shapes,
advanced experiment and modeling techniques could be developed to study scatter-
ing in the near and far ﬁeld from targets of arbitrary geometry. However, presently
the available scattering codes can only deal with simple shapes and so the modeling
should be carried out using commercially available Finite Element Tools. This in turn
would require development of ingenious techniques, since ﬁnite elements has not been
traditionally used in Ocean Acoustics, primarily because of its computationally in-
tensive nature. The concept of Perfectly Matched Layers (PMLs) and its application
to model far ﬁeld scattering is being developed at NURC and provides a stepping
stone in that direction.
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Appendix A
Sample Codes and Input ﬁles for the
Composite Sphere
File 'Eva_Final_Oases.m' is the main matlab file for
processing the results obtained using OASES to match
the results obtained using the experimental analysis.
The main matlab file for processing the experimental
data is outlined in 'appendix b' for the case of the
composite cylinder as it is almost the same for all
the three targets.
ﬁle_count_geom = 1;
%mkdir('Eva_Oases');
mkdir('Eva_Oases_azimuth');
load pp_matreader_receiver1 ts_1;
load pp_matreader_receiver2 ts_2;
load pp_matreader_receiver3 ts_3;
load pp_matreader_receiver4 ts_4;
load pp_matreader_receiver5 ts_5;
load pp_matreader_receiver6 ts_6;
load pp_matreader_receiver7 ts_7;
load pp_matreader_receiver8 ts_8;
load pp_matreader_receiver9 ts_9 b fs;
b = b * 180/pi;
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time_series = ts_1 ts_2 ts_3 ts_4 ts_5 ts_6 ts_7 ts_8 ts_9;
b = -90 + b; % b is the azimuth angle
azimuth = b;
angle_counter = 45;
dome1 = [,];
dome2 = [,];
dome3 = [,];
dome4 = [,];
dome5 = [,];
dome6 = [,];
dome7 = [,];
dome8 = [,];
dome9 = [,];
dome_map1 = [,];
%while(angle_counter <= 56)
% if angle_counter = 1 %uncomment this
% clear;
% load Eva_Final_Oases angle_counter azimuth time_series fs
% close all;
% clc;
%
% end
% load azimuth;
% load angle_counter;
% load size1;
% load size3;
% load clock_time;
% load counter_clock_time;
% load specular_time_plot;
% load clock;
% load counter_clock;
% load ﬁle_count_geom;
% if angle_counter = 1 %uncomment this
% load Eva_Final_Oases dome1 dome2 dome3 dome4 dome5 dome6 dome7 dome8
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dome9;
% load Eva_Final_Oases dome_map1 dome_map2 dome_map3;
% end
%
% dome1(56,:)=[];
% dome2(56,:)=[];
% dome3(56,:)=[];
% dome4(56,:)=[];
% dome5(56,:)=[];
% dome6(56,:)=[];
% dome7(56,:)=[];
% dome8(56,:)=[];
% dome9(56,:)=[];
% dome_map1(56,:) = [];
% dome_map2(56,:) = [];
% dome_map3(56,:)=[];
R = 1.92; % radius of the cage,
theta = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
% is the vertical angle corresponding to the position of the
% receivers
%theta = [13.6,21.94,30.28,38.62,46.96,55.3,63.64,71.98,80.32];
phi = azimuth(angle_counter); % phi is the azimuthal angle in degrees...
%i.e, cage position corresponding to Run89
% x axis is from the center of the cage perpendicular to the rail and y
% axis is towards the direction corresponding to the zero degrees
% orientation of the receiver array. The origin is at the center of the
% cage and the objects are taken to be point objects for convenience.
xs = 17.94; % xs is the x coordinate of the source taking into account...
%the slope of the sea bed
ys = 0; % ys is the y coordinate of the source
zs = 8.5; % zs is the z coordinate of the source
Rt = 0.50; % Rt is the radius of the target
cw = 1530; %sound speed in water
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cs = 1650; %sound speed in sediment
% [travel_time_clock travel_time_counterclock] = geom_source......
% (xs,ys,zs,Rt,cw,cs);
dist1 = sqrt( xs * xs + ys * ys + (zs-0.5)2);%sqrt gives positive square root
counter = 1;
%mkdir('Eva_Oases');
str3 = strcat('Run_',num2str(angle_counter));
mkdir(str3);
while( counter <= 9 )
% this section of the code calculates the time delay between the incident
% and specular(counter) echo by making use of the geometry of the cage and
% does the half Hanning to reduce the contribution from the samples close
%to the incident wave
xr = R * sin((theta(counter)) * pi/180) * sin(phi * pi/180); % xr is
%the x coordinate of the re-
ceiver
yr = R * sin((theta(counter)) * pi/180) * cos(phi * pi/180); % yr is
%the y coordinate of the re-
ceiver
zr = R * cos((theta(counter)) * pi/180); % zr is the z coordinate of
% the receiver
x1 = xs - xr;
y1 = ys - yr;
z1 = zs - zr;
dist3 = sqrt( x1 * x1 + y1 * y1 + z1 * z1);
time1(counter) = dist3/cw;
if counter <= 8
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time1(counter) = time1(counter) - 0.0005; %from azimuth
%stacked time series
elseif counter == 9
time1(counter) = time1(counter) - 0.0005;
end
% time1 = time1 + 0.00025; % this constant is to make sure that we...
%are consistent with
% the experimental set up. We took some
% samples(125) after the incident arrival
temp = time_seriescounter(:,angle_counter);
temp = temp.';
time_pp = 1/fs:1/fs:2048/fs;
time_start = ﬁnd( (time_pp >= time1(counter)),1 ) - 1;
time_end = ﬁnd( (time_pp >= (time1(counter) + 0.02)),1 ) - 1;
time_axis = 0:1/fs:time_pp(time_end) - time_pp(time_start);
dist2 = sqrt( xr * xr + yr * yr + (zr-0.5)2);
temp1 = temp(time_start:time_end);
range = 45; %around 1 millisec from the start of the incident for...
%phi = 90 degrees(backscattering)
for k = 1 : 1 : (range + 1)
arg =( (k - 1) /range) * pi;
temp1(k) = temp1(k) * 0.5 * ( 1 - cos(arg) ); %half Hanning at left
end
end
end_hanning_start = time_end - range;
% for k = end_hanning_start:1:time_end
% arg =( (time_end - k) /range) * pi;
% temp(k-time_start + 1) = temp(k-time_start + 1) * 0.5 *...
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% ( 1 - cos(arg) ); %half Hanning at right end
% end
ﬁgure
%[specular_time,specular_count] = Specular(xs,ys,zs,xr,yr,zr,Rt,cw)
if phi <= -88 && phi >= -92
[travel_time_clock travel_time_counterclock] = Eva_Geom...........
(xs,ys,zs,xr,yr,zr,Rt,cw,phi);
time3(counter) = travel_time_clock;
time4(counter) = travel_time_counterclock;
time2(counter) = (dist1 + dist2) / cw; % time2(counter)...
%is the time taken by the
%specular echo to reach
% the Eva Sphere theoretically;
% this distance is approximately
% equal to the distance traveled by
% specular echo
% if counter == 8
%
% time3(counter) = time3(counter) - time1(counter) - 0.0004;
% time4(counter) = time4(counter) - time1(counter) - 0.0004;
%
% elseif counter == 9
%
% time3(counter) = time3(counter) - time1(counter) - 0.0002;
% time4(counter) = time4(counter) - time1(counter) - 0.0002;
%
%
%
% else
time2(counter) = time2(counter) - time1(counter) ;
time3(counter) = time3(counter) - time1(counter) ;
time4(counter) = time4(counter) - time1(counter) ;
% end
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if counter == 1
time2(counter) = time2(counter) - 0.0002;
time3(counter) = time3(counter) - 0.0002;
time4(counter) = time4(counter) - 0.0002;
elseif counter == 2
time2(counter) = time2(counter) - 0.0001;
time3(counter) = time3(counter) - 0.0001;
time4(counter) = time4(counter) - 0.0001;
elseif counter == 3
time2(counter) = time2(counter) - 0.0001;
time3(counter) = time3(counter) - 0.0001;
time4(counter) = time4(counter) - 0.0001;
elseif counter == 4
time3(counter) = time3(counter)
time4(counter) = time4(counter)
elseif counter == 5
time3(counter) = time3(counter) + 0.0002;
time4(counter) = time4(counter) + 0.0002;
elseif counter == 6
time3(counter) = time3(counter) + 0.0002;
time4(counter) = time4(counter) + 0.0002;
elseif counter == 7
time3(counter) = time3(counter) + 0.0002;
time4(counter) = time4(counter) + 0.0002;
elseif counter == 8
time3(counter) = time3(counter) + 0.0001;
time4(counter) = time4(counter) + 0.0001;
elseif counter == 9
time3(counter) = time3(counter)+0.0003 ;
time4(counter) = time4(counter)+0.0003;
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end
if counter <= 3
plot([time2(counter),time2(counter)], [min(temp1), max(temp1)],...
'g','LineWidth',2);
end
time_c(counter) = time3(counter);
time_cc(counter) = time4(counter);
hold on
plot([time4(counter),time4(counter)], [min(temp1), max(temp1)],...
'b','LineWidth',2);
hold on
time4(counter) = time4(counter) + ( (pi * Rt)/cw + (pi * Rt)/cw
);
plot([time3(counter),time3(counter)], [min(temp1), max(temp1)],...
'r','LineWidth',2);
hold on
time3(counter) = time3(counter) + ( (pi * Rt)/cw + (pi * Rt)/cw );
if counter <= 3
legend('Specular Echo','A_0 CounterclockWave','A_0 ClockWave');
else
legend('A_0 Counterclock Wave','A_0 Clock Wave');
end
while(time3(counter) <= 0.02 )
plot([time3(counter),time3(counter)], [min(temp1),...
max(temp1)],'r','LineWidth',2);
hold on
time3(counter) = time3(counter) + ( (pi * Rt)/cw +...
(pi * Rt)/cw );
end
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while(time4(counter) <= 0.02 )
plot([time4(counter),time4(counter)], [min(temp1),...
max(temp1)],'b','LineWidth',2);
hold on
time4(counter) = time4(counter) + ( (pi * Rt)/cw +...
(pi * Rt)/cw );
end
end
if phi >= 88 && phi <= 92
[travel_time_clock travel_time_counterclock] = Eva_geom_source......
(xs,ys,zs,Rt,cw,cs);
[travel_time_clock1 travel_time_counterclock1] = Eva_geom_receiver......
(xr,yr,zr,Rt,cw,cs);
time3(counter) = travel_time_clock + travel_time_clock1;
time4(counter) = travel_time_counterclock + travel_time_counterclock1;
time2(counter) = (dist1 + dist2) / cw; % time2(counter) is the ...
%time taken by the
%specular echo to reach
% the Eva Sphere theoretically;
% this distance is approximately
% equal to the distance traveled by
% specular echo
% if counter == 8
% time2(counter) = time2(counter) - time1(counter) - 0.0004;
% time3(counter) = time3(counter) - time1(counter) - 0.0004;
% time4(counter) = time4(counter) - time1(counter) - 0.0004;
%
% elseif counter == 9
% time2(counter) = time2(counter) - time1(counter) - 0.0002;
% time3(counter) = time3(counter) - time1(counter) - 0.0002;
% time4(counter) = time4(counter) - time1(counter) - 0.0002;
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%
% else
time2(counter) = time2(counter) - time1(counter) ;
time3(counter) = time3(counter) - time1(counter) ;
time4(counter) = time4(counter) - time1(counter) ;
% end
if counter == 1
time2(counter) = time2(counter) - 0.0004;
time3(counter) = time3(counter) - 0.0004;
time4(counter) = time4(counter) - 0.0004;
elseif counter == 2
time2(counter) = time2(counter) - 0.00025;
time3(counter) = time3(counter) - 0.00025;
time4(counter) = time4(counter) - 0.00025;
elseif counter == 3
time2(counter) = time2(counter) - 0.00035;
time3(counter) = time3(counter) - 0.00035;
time4(counter) = time4(counter) - 0.00035;
elseif counter == 4
time2(counter) = time2(counter) - 0.0004;
time3(counter) = time3(counter) - 0.0004;
time4(counter) = time4(counter) - 0.0004;
elseif counter == 5
time2(counter) = time2(counter) - 0.0004;
time3(counter) = time3(counter) - 0.0004;
time4(counter) = time4(counter) - 0.0004;
elseif counter == 6
time2(counter) = time2(counter) - 0.0002;
time3(counter) = time3(counter) - 0.0002;
time4(counter) = time4(counter) - 0.0002;
elseif counter == 7
time2(counter) = time2(counter) - 0.0003;
time3(counter) = time3(counter) - 0.0003;
time4(counter) = time4(counter) - 0.0003;
elseif counter == 8
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time2(counter) = time2(counter) - 0.0004;
time3(counter) = time3(counter) - 0.0004;
time4(counter) = time4(counter) - 0.0004;
elseif counter == 9
time2(counter) = time2(counter) - 0.0009;
time3(counter) = time3(counter) - 0.0009;
time4(counter) = time4(counter) - 0.0009;
end
plot([time2(counter),time2(counter)], [min(temp1), max(temp1)],'g',...
'LineWidth',2);
time_c(counter) = time3(counter);
time_cc(counter) = time4(counter);
hold on
plot([time4(counter),time4(counter)], [min(temp1), max(temp1)],'b',...
'LineWidth',2);
hold on
time4(counter) = time4(counter) + ( (pi * Rt)/cw + (pi * Rt)/cw
);
plot([time3(counter),time3(counter)], [min(temp1), max(temp1)],'r',...
'LineWidth',2);
hold on
time3(counter) = time3(counter) + ( (pi * Rt)/cw + (pi * Rt)/cw );
legend('Specular Echo','A_0 Counterclock Wave','A_0 Clock Wave');
while(time3(counter) <= 0.02 )
plot([time3(counter),time3(counter)], [min(temp1),...
max(temp1)],'r','LineWidth',2);
hold on
time3(counter) = time3(counter) + ( (pi * Rt)/cw + ...
(pi * Rt)/cw );
end
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while(time4(counter) <= 0.02 )
plot([time4(counter),time4(counter)], [min(temp1),...
max(temp1)],'b','LineWidth',2);
hold on
time4(counter) = time4(counter) + ( (pi * Rt)/cw + ...
(pi * Rt)/cw );
end
end
h = plot(time_axis,temp1,'k');
h=title(['Scattered Time Series',...
'recorded on channel', num2str(counter)]);
set(h,'Fontsize',16);
h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
set(gca,'XTickLabel',[0 2 4 6 8 10 12 14 16 18 20]);
h=ylabel('Amplitude (N/m2)'); set(h,'Fontsize',16);
hold oﬀ;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter-1),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ',str3, '/ﬁgure',num2str(2*counter-1),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter-1),'.eps'];
ﬁgure
if phi <= -88 && phi >= -92
[travel_time_clock travel_time_counterclock] = Eva_Geom...........
(xs,ys,zs,xr,yr,zr,Rt,cw,phi);
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time3(counter) = travel_time_clock;
time4(counter) = travel_time_counterclock;
time2(counter) = (dist1 + dist2) / cw; % time2(counter) is the...
%time taken by the
%specular echo to reach
% the Eva Sphere theoretically;
% this distance is approximately
% equal to the distance traveled by
% specular echo. Here the
% specular code was not used
% to get an upper estimate
%
% if counter == 8
%
% time3(counter) = time3(counter) - time1(counter) - 0.0004;
% time4(counter) = time4(counter) - time1(counter) - 0.0004;
%
% elseif counter == 9
%
% time3(counter) = time3(counter) - time1(counter) - 0.0002;
% time4(counter) = time4(counter) - time1(counter) - 0.0002;
%
%
%
% else
time2(counter) = time2(counter) - time1(counter) ;
time3(counter) = time3(counter)- time1(counter) ;
time4(counter) = time4(counter) - time1(counter) ;
% end
if counter == 1
time2(counter) = time2(counter) - 0.0004;
time3(counter) = time3(counter) - 0.0004;
time4(counter) = time4(counter) - 0.0004;
elseif counter == 2
time2(counter) = time2(counter) - 0.0003;
time3(counter) = time3(counter) - 0.0003;
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time4(counter) = time4(counter) - 0.0003;
elseif counter == 3
time2(counter) = time2(counter) - 0.0002;
time3(counter) = time3(counter) - 0.0002;
time4(counter) = time4(counter) - 0.0002;
elseif counter == 4
time3(counter) = time3(counter)
time4(counter) = time4(counter)
elseif counter == 5
time3(counter) = time3(counter) + 0.0002;
time4(counter) = time4(counter) + 0.0002;
elseif counter == 6
time3(counter) = time3(counter) + 0.0002;
time4(counter) = time4(counter) + 0.0002;
elseif counter == 7
time3(counter) = time3(counter) + 0.0002;
time4(counter) = time4(counter) + 0.0002;
elseif counter == 8
time3(counter) = time3(counter) + 0.0001;
time4(counter) = time4(counter) + 0.0001;
elseif counter == 9
time3(counter) = time3(counter) + 0.0003 ;
time4(counter) = time4(counter) + 0.0003;
end
if counter <= 3
plot([time2(counter),time2(counter)], [0,fs/2],'g',...
'LineWidth',2);
end
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hold on
plot([time4(counter),time4(counter)], [0,fs/2],'b','LineWidth',...
2);
hold on
time4(counter) = time4(counter) + ( (pi * Rt)/cw + (pi * Rt)/cw );
plot([time3(counter),time3(counter)], [0,fs/2],'r','LineWidth',2);
hold on
time3(counter) = time3(counter) + ( (pi * Rt)/cw + (pi * Rt)/cw );
if counter <= 3
legend('Specular Echo','A_0 CounterclockWave','A_0 ClockWave');
else
legend('A_0 Counterclock Wave','A_0 Clock Wave');
end
while(time3(counter) <= 0.02 )
plot([time3(counter),time3(counter)], [0,fs/2],'r',...
'LineWidth',2);
hold on
time3(counter) = time3(counter) + ( (pi * Rt)/cw + ...
(pi * Rt)/cw );
end
while(time4(counter) <= 0.02 )
plot([time4(counter),time4(counter)], [0,fs/2],'b',...
'LineWidth',2);
hold on
time4(counter) = time4(counter) + ( (pi * Rt)/cw + ...
(pi * Rt)/cw );
end
end
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if phi >= 88 && phi <= 92
[travel_time_clock travel_time_counterclock] = Eva_geom_source......
(xs,ys,zs,Rt,cw,cs);
[travel_time_clock1 travel_time_counterclock1] = Eva_geom_receiver......
(xr,yr,zr,Rt,cw,cs);
time3(counter) = travel_time_clock + travel_time_clock1;
time4(counter) = travel_time_counterclock + travel_time_counterclock1;
time2(counter) = (dist1 + dist2) / cw; % time2(counter) is the...
%time taken by the
%specular echo to reach
% the Eva Sphere theoretically;
% this distance is approximately
% equal to the distance traveled by
% specular echo
% if counter == 8
% time2(counter) = time2(counter) - time1(counter) - 0.0004;
% time3(counter) = time3(counter) - time1(counter) - 0.0004;
% time4(counter) = time4(counter) - time1(counter) - 0.0004;
%
% elseif counter == 9
% time2(counter) = time2(counter) - time1(counter) - 0.0002;
% time3(counter) = time3(counter) - time1(counter) - 0.0002;
% time4(counter) = time4(counter) - time1(counter) - 0.0002;
%
% else
time2(counter) = time2(counter) - time1(counter);
time3(counter) = time3(counter) - time1(counter) ;
time4(counter) = time4(counter) - time1(counter) ;
% end
if counter == 1
time2(counter) = time2(counter) - 0.0004;
time3(counter) = time3(counter) - 0.0004;
time4(counter) = time4(counter) - 0.0004;
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elseif counter == 2
time2(counter) = time2(counter) - 0.00025;
time3(counter) = time3(counter) - 0.00025;
time4(counter) = time4(counter) - 0.00025;
elseif counter == 3
time2(counter) = time2(counter) - 0.00035;
time3(counter) = time3(counter) - 0.00035;
time4(counter) = time4(counter) - 0.00035;
elseif counter == 4
time2(counter) = time2(counter) - 0.0004;
time3(counter) = time3(counter) - 0.0004;
time4(counter) = time4(counter) - 0.0004;
elseif counter == 5
time2(counter) = time2(counter) - 0.0004;
time3(counter) = time3(counter) - 0.0004;
time4(counter) = time4(counter) - 0.0004;
elseif counter == 6
time2(counter) = time2(counter) - 0.0002;
time3(counter) = time3(counter) - 0.0002;
time4(counter) = time4(counter) - 0.0002;
elseif counter == 7
time2(counter) = time2(counter) - 0.0003;
time3(counter) = time3(counter) - 0.0003;
time4(counter) = time4(counter) - 0.0003;
elseif counter == 8
time2(counter) = time2(counter) - 0.0004;
time3(counter) = time3(counter) - 0.0004;
time4(counter) = time4(counter) - 0.0004;
elseif counter == 9
time2(counter) = time2(counter) - 0.0009;
time3(counter) = time3(counter) - 0.0009;
time4(counter) = time4(counter) - 0.0009;
end
plot([time2(counter),time2(counter)], [0,fs/2],'g','LineWidth',2);
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hold on
plot([time4(counter),time4(counter)], [0,fs/2],'b','LineWidth',2);
hold on
time4(counter) = time4(counter) + ( (pi * Rt)/cw + (pi * Rt)/cw );
plot([time3(counter),time3(counter)], [0,fs/2],'r','LineWidth',2);
hold on
time3(counter) = time3(counter) + ( (pi * Rt)/cw + (pi * Rt)/cw );
legend('Specular Echo','A_0 Counterclock Wave','A_0 Clock Wave');
while(time3(counter) <= 0.02 )
plot([time3(counter),time3(counter)], [0,fs/2],'r',...
'LineWidth',2);
hold on
time3(counter) = time3(counter) + ( (pi * Rt)/cw + ...
(pi * Rt)/cw );
end
while(time4(counter) <= 0.02 )
plot([time4(counter),time4(counter)], [0,fs/2],'b',...
'LineWidth',2);
hold on
time4(counter) = time4(counter) + ( (pi * Rt)/cw + ...
(pi * Rt)/cw );
end
end
spectrogram(temp1,50,40,2048,fs,'yaxis');
h = title(['Spectrogram plot in dB for channel', num2str(counter)]);
axis([0 0.02 0 15000]);
%caxis([-81 -80]);
set(h,'Fontsize',16);
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h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
set(gca,'XTickLabel',[0 2 4 6 8 10 12 14 16 18 20]);
h=ylabel('Frequency(kHz)'); set(h,'Fontsize',16);
set(gca,'YTickLabel',[0 5 10 15 20]);
h1 = colorbar;
%h1 = ylabel('dB');
hold on;
%spectrogram(temp1,50,40,2048,fs,'yaxis');
hold oﬀ;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ',str3, '/ﬁgure',num2str(2*counter),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter),'.eps'];
[S,F,T] = spectrogram(temp1,50,40,2048,fs);
% S1 = 10.( abs(S)/ 20);
% S1 = 20 * log10(abs(S));% converting the dB value of magnitude of short
% %time Fourier transform into square of the
% %absolute value
Avg1 = abs( mean( S(1:701,1:60) ) ); % 60 is till 15millisec
% calculates the absolute value of the average across
%frequency upto 14 kHz and time upto 0.015 sec.
Avg = 20 * log10(Avg1); % the average values in dB
S2 = abs( S(401,1:60) ).2;
mean_S2 = mean(S2);
dB_S2(1,counter) = 10 *log10(mean_S2);%dB_S2 is the average intensity
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% in dB at 8000Hz, the average being
% taken over the ﬁrst 60 samples and is
% used for dome mapping
S3 = abs( S(501,1:60) ).2;
mean_S3 = mean(S3);
dB_S3(1,counter) = 10 *log10(mean_S3); %dB_S3 is the average inten-
sity
% in dB at 10,000 Hz, the average being
% taken over the ﬁrst 60 samples and is
% used for dome mapping
S4 = abs( S(601,1:60) ).2;
mean_S4 = mean(S4);
dB_S4(1,counter) = 10 *log10(mean_S4); %dB_S2 is the average inten-
sity in
%dB at 12,000 Hz, the average being taken
over
%the ﬁrst 60 samples and is used for dome
% mapping
if counter == 1
if angle_counter == 1
size1 = 1;
else
[size1 size2] = size(dome1);
size1 = size1 + 1;
end
dome1(size1,:) = Avg(1:60);
if size1 == 56
%decipher_arrival(dome1,counter,T,clock_time(counter,:,:),...
%counter_clock_time(counter,:,:), specular_time_plot(counter,:)
);
decipher_arrival(dome1,counter,T);
end
%save Elba.dat dome1 -ascii ;
elseif counter == 2
if angle_counter == 1
size1 = 1;
else
[size1 size2] = size(dome2);
size1 = size1 + 1;
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end
dome2(size1,:) = Avg(1:60);
if size1 == 56
%decipher_arrival(dome2,counter,T,clock_time(counter,:,:),...
%counter_clock_time(counter,:,:), specular_time_plot(counter,:));
decipher_arrival(dome2,counter,T);
end
%save Elba.dat dome2 -ascii ;
elseif counter == 3
if angle_counter == 1
size1 = 1;
else
[size1 size2] = size(dome3);
size1 = size1 + 1;
end
dome3(size1,:) = Avg(1:60);
if size1 == 56
%decipher_arrival(dome3,counter,T,clock_time(counter,:,:),...
%counter_clock_time(counter,:,:), specular_time_plot(counter,:));
decipher_arrival(dome3,counter,T);
end
%save Elba.dat dome3 -ascii ;
elseif counter == 4
if angle_counter == 1
size1 = 1;
else
[size1 size2] = size(dome4);
size1 = size1 + 1;
end
dome4(size1,:) = Avg(1:60);
if size1 == 56
%decipher_arrival(dome4,counter,T,clock_time(counter,:,:),...
%counter_clock_time(counter,:,:), specular_time_plot(counter,:));
decipher_arrival(dome4,counter,T);
end
%save Elba.dat dome4 -ascii ;
elseif counter == 5
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if angle_counter == 1
size1 = 1;
else
[size1 size2] = size(dome5);
size1 = size1 + 1;
end
dome5(size1,:) = Avg(1:60);
if size1 == 56
%decipher_arrival(dome5,counter,T,clock_time(counter,:,:),...
%counter_clock_time(counter,:,:), specular_time_plot(counter,:));
decipher_arrival(dome5,counter,T);
end
%save Elba.dat dome5 -ascii ;
elseif counter == 6
if angle_counter == 1
size1 = 1;
else
[size1 size2] = size(dome6);
size1 = size1 + 1;
end
dome6(size1,:) = Avg(1:60);
if size1 == 56
%decipher_arrival(dome6,counter,T,clock_time(counter,:,:),...
%counter_clock_time(counter,:,:), specular_time_plot(counter,:));
decipher_arrival(dome6,counter,T);
end
%save Elba.dat dome6 -ascii ;
elseif counter == 7
if angle_counter == 1
size1 = 1;
else
[size1 size2] = size(dome7);
size1 = size1 + 1;
end
dome7(size1,:) = Avg(1:60);
if size1 == 56
%decipher_arrival(dome7,counter,T,clock_time(counter,:,:),...
%counter_clock_time(counter,:,:), specular_time_plot(counter,:));
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decipher_arrival(dome7,counter,T);
end
%save Elba.dat dome7 -ascii ;
elseif counter == 8
if angle_counter == 1
size1 = 1;
else
[size1 size2] = size(dome8);
size1 = size1 + 1;
end
dome8(size1,:) = Avg(1:60);
if size1 == 56
%decipher_arrival(dome8,counter,T,clock_time(counter,:,:),...
%counter_clock_time(counter,:,:), specular_time_plot(counter,:));
decipher_arrival(dome8,counter,T);
end
%save Elba.dat dome8 -ascii ;
else
if angle_counter == 1
size1 = 1;
else
[size1 size2] = size(dome9);
size1 = size1 + 1;
end
dome9(size1,:) = Avg(1:60);
if size1 == 56
%decipher_arrival(dome9,counter,T,clock_time(counter,:,:),...
%counter_clock_time(counter,:,:), specular_time_plot(counter,:));
decipher_arrival(dome9,counter,T);
end
%save Elba.dat dome9 -ascii ;
end
counter = counter + 1;
end
dome10 = zeros(7,60);
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if angle_counter == 1
size3 = 1;
else
[size3 size4] = size(dome_map1);
size3 = size3 + 1;
end
dome_map1(size3,:) = dB_S2(1,:);% for mapping dome at frequency 8,000 Hz
dome_map2(size3,:) = dB_S3(1,:);% for mapping dome at frequency 10,000 Hz
dome_map3(size3,:) = dB_S4(1,:);% for mapping dome at frequency 12,000 Hz
if size3 == 56
dome_plot(dome_map1,dome_map2,dome_map3,theta);
end
dome10 = [dome1(size1,:); dome2(size1,:); dome3(size1,:); dome4(size1,:);...
dome5(size1,:); dome6(size1,:); dome7(size1,:)];
theta = [10,18.3,26.6,34.9,43.2,51.5,59.8];
Time = zeros(1,60);
Time(1,:) = T(1:60) * 1000;
%theta_plot(1,:) = 90 - theta(1,:);
ﬁgure('position',[100 100 1200 900]);
%h = pcolor(Time,theta,dome10);
surf(Time,theta,dome10);
view([0 90]);
shading('ﬂat');colormap('jet');
h=title(['Frequency averaged magnitude of short time Fourier Transform in',...
' dB plotted as a function of vertical angle and discrete time',...
' steps']) ;
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set(h,'Fontsize',16);
h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
h=ylabel('Vertical angle(deg)'); set(h,'Fontsize',16);
colorbar;
hold oﬀ;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter-1),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ' ,str3, '/ﬁgure',num2str(2*counter-1),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter-1),'.eps'];
system(cmd);
r = Time';
%theta(1,:) = 90 - theta(1,:);
theta1(1,:) = (pi / 180) * theta(1,:);
X = r * sin(theta1);
Y = r * cos(theta1);
X = X';
Y = Y';
theta2 = [0:pi/100:pi/2];
ﬁgure
plot(1*cos(theta2),1*sin(theta2),'-r');
hold on;
plot(3*cos(theta2),3*sin(theta2),'-r');
hold on;
plot(5*cos(theta2),5*sin(theta2),'-r');
hold on;
plot(7*cos(theta2),7*sin(theta2),'-r');
hold on;
plot(9*cos(theta2),9*sin(theta2),'-r');
hold on;
plot(11*cos(theta2),11*sin(theta2),'-r');
hold on;
plot(13*cos(theta2),13*sin(theta2),'-r');
hold on;
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surf(X,Y,dome10);
view([0 90]);
shading('ﬂat');colormap('jet');
axis equal tight;
h=title(['Polar Plot of Frequency averaged magnitude of short time Fourier',...
' Transform in dB plotted as a function of vertical angle with',...
' discrete time steps being the radial function']);
set(h,'Fontsize',16);
h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
h=ylabel('Time(millisec)'); set(h,'Fontsize',16);
colorbar;
hold oﬀ;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ' ,str3, '/ﬁgure',num2str(2*counter),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter),'.eps'];
system(cmd);
% ﬁle_count = ﬁle_count + 1;
% current_ﬁle = current_ﬁle - 1;
% if phi == -90
% ﬁle_count_geom = ﬁle_count_geom + 1;
% end
% save start_ﬁle;
% save end_ﬁle;
% save current_ﬁle;
% save azimuth;
% save ﬁle_count;
% save size1;
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% save size3;
% save clock_time;
% save counter_clock_time;
% save specular_time_plot;
% save clock;
% save counter_clock;
% save ﬁle_count_geom;
angle_counter = angle_counter + 1;
save Eva_Final_Oases;
% end
function [travel_time_clock travel_time_counterclock] = Eva_geom_source......
(xs,ys,zs,Rt,cw,cs)
% this code computes the time taken for the start of propagation of the
% clockwise and counterclockwise waves.
% xs is the x coordinate of the source
% ys is the y coordinate of the source
% zs is the z coordinate of the source
% Rt is the radius of the target
% cw is sound speed in water
% 'travel_time_clock' is the time taken by the clockwise A0 wave .
% 'travel_time_counterclock' is the time taken by the counterclockwise A0
% wave.
% Author : Deep Ghosh
% Created : 5th April, 2007
% Revised :
% Notes :
zs = zs - 0.5; % the new origin is at the center of the target and not at
% the center of the cage
dist1 = sqrt( xs * xs + ys * ys + zs * zs);%sqrt gives positive square root
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v = sqrt( dist1 * dist1 - Rt * Rt);
length1 = sqrt(dist1 * dist1 - Rt * Rt); %length1 is the length of the
%tangent from the Topas
angle1 = atan( (length1) / Rt) * 180/pi;%twice of angle1 is the angle
%included by the radii of the
%tangent lengths
angle2 = atan(zs/xs) * 180/pi; % angle2 is the elevation angle of the
%source
angle3 = 180 - (angle1 + angle2);
angle4 = 2 * angle1;
angle5 = 360 - (angle3 + angle4);
t1 = (angle3/360) * (2 * pi * Rt) / cw; % t1 is the time taken to go around
%the target in water for the
%clockwise wave
travel_time_clock = (v/cw) + t1;
t2 = (angle5/360) * (2 * pi * Rt) / cw; % t2 is the time taken to go around
%the target in water for the
%counterclockwise wave
travel_time_counterclock = (v/cw) + t2;
return
function [travel_time_clock1 travel_time_counterclock1] = Eva_geom_receiver......
(xr,yr,zr,Rt,cw,cs)
% this code computes the time taken for the clockwise and counterclockwsie
% waves to reach the receivers.
% xr is the x coordinate of the receiver
% yr is the y coordinate of the receiver
% zr is the z coordinate of the receiver
% Rt is the radius of the target
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% cw is sound speed in water
% 'travel_time_clock1' is the time taken by the clockwise A0 wave to reach
% the receiver
% 'travel_time_counterclock1' is the time taken by the counterclockwise A0
% wave to reach the receiver
% Author : Deep Ghosh
% Created : 5th April, 2007
% Revised :
% Notes :
zr = zr - 0.5; % the new origin is at the center of the target and not at
% the center of the cage
dist1 = sqrt( xr * xr + yr * yr + zr * zr);%sqrt gives positive square root
v = sqrt( dist1 * dist1 - Rt * Rt);
length1 = sqrt(dist1 * dist1 - Rt * Rt); %length1 is the length of the
%tangent from the Topas
angle1 = atan( (length1) / Rt) * 180/pi;%twice of angle1 is the angle
%included by the radii of the
%tangent lengths
angle2 = atan(zr/xr) * 180/pi; % angle2 is the elevation angle of the
%source
angle3 = 180 - (angle1 + angle2);
angle4 = 2 * angle1;
angle5 = 360 - (angle3 + angle4);
t1 = (angle3/360) * (2 * pi * Rt) / cw; % t1 is the time taken to go around
%the target in water for the
%counterclockwise wave
travel_time_counterclock1 = (v/cw) + t1;
t2 = (angle5/360) * (2 * pi * Rt) / cw; % t2 is the time taken to go around
%the target in water for the
%clockwise wave
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travel_time_clock1 = (v/cw) + t2;
return
function [travel_time_clock travel_time_counterclock] = Eva_Geom...........
(xs,ys,zs,xr,yr,zr,r,cw,phi)
% This code computes the time taken by the clockwise and the
% counterclockwise waves to reach the receivers from the target in the
% forward scattering conﬁguration.
% xs is the x coordinate of the source
% ys is the y coordinate of the source
% zs is the z coordinate of the source
% r is the radius of the target
% cw is sound speed in water
% phi is the azimuth angle
%travel_time_clock is the time taken by the clockwise wave to reach the
%receiver from the target.
% Author : Deep Ghosh
% Created : 28th Nov, 2007
% Revised :
% Notes :
l1 = sqrt(xs2 + ys2 + (zs-r)2);
l2 = sqrt(xr2 + yr2 + (zr-r)2);
l3 = sqrt( (xs-xr)2 + (ys-yr)2 + (zs-zr)2 );
x1 = sqrt(l12-r2);
x2 = sqrt(l22-r2);
angle1 = atan(x1/r) * 180/pi;
angle2 = atan(x2/r) * 180/pi;
cos_angle3 = (l12 + l22 - l32)/(2*l1*l2);
angle3 = acos(cos_angle3) * 180/pi;
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%angle1 is S, angle2 is R and angle3 is X
% if phi > 90 && phi <= 180
%
% if angle1 >= angle3 - angle2
%
% clock_angle = 360 - (angle1 - (angle3 - angle2) );
%
% else
%
% clock_angle = angle3 - angle1 - angle2;
%
% end
%
% counter_clock_angle = 360 - (angle1 + angle2 + angle3);
%
% elseif phi <= -90 && phi > -180
if angle1 >= angle3 - angle2
clock_angle = 360 - (angle1 - (angle3 - angle2) );
else
clock_angle = angle3 - angle1 - angle2;
end
counter_clock_angle = 360 - (angle1 + angle2 + angle3);
% elseif phi <= 0 && phi > -90
%
% if angle1 >= angle3 - angle2
%
% counter_clock_angle = 360 - (angle1 - (angle3 - angle2) );
%
% else
%
% counter_clock_angle = angle3 - angle1 - angle2;
%
% end
%
% clock_angle = 360 - (angle1 + angle2 + angle3);
%
% else % phi>0 && phi <= 90
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% if angle1 >= angle3 - angle2
%
% counter_clock_angle = 360 - (angle1 - (angle3 - angle2) );
%
% else
%
% counter_clock_angle = angle3 - angle1 - angle2;
%
% end
%
% clock_angle = 360 - (angle1 + angle2 + angle3);
%
%
%
% end
travel_time_clock = ( x1 + x2 + (clock_angle/360) *2*pi*r) /cw;
travel_time_counterclock = ( x1 + x2 + (counter_clock_angle/360) *2*pi*r) /cw;
return
Code for reading in the '.mat' files obtained using the Scatt module
% 8/24/99
%
% INPUTS
%
% ﬁle ﬁle name (string)
%
% OUTPUTS
%
% ts time series (length(t) x (planes x traces))
% t start times (
% z depths (vector of corresponding depths)
% r range (vector of corresponding ranges)
% b bearing (vector of corresponding bearings)
% title character string
% parameter character string (N is normal stress)
% planes number (for diﬀerent bearings, for instance)
% traces number (for depth or range stacks, for instance)
% samples number (N)
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% fs sample frequency (Hz)
function[ts_1,t,z,r,b,tit,parameter,planes,traces,samples,fs]=pp_matreader_receiver1(ﬁle)
% open ﬁle
eval(['load ',ﬁle]);
% read header
b = double(ANGLE);
ts_1 = double(DATA);
fs = 1/double(DELTAT);
r = double(RANGE);
t = double(TMSHFT);
z = double(DEPTH);
parameter = double(TYPE);
tit = double(TITLE);
planes = 1;
traces = size(ts_1,2);
samples = size(ts_1,1);
save pp_matreader_receiver1;
%Code for computing the travel time for the bottom specular wave
% This code computes the time taken for the bottom reﬂected specular wave to
reach the
% diﬀerent receivers. It should be noted that for some positions of the
% receivers, there may not be any direct bottom specular echo possible
% xs is the x coordinate of the source
% ys is the y coordinate of the source
% zs is the z coordinate of the source
% r is the radius of the target
% cw is sound speed in water
% bottom_specular is the arrival time for the bottom specular wave
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% Author : Deep Ghosh
% Created : 28th Nov, 2007
% Revised :
% Notes :
R = 1.92; % radius of the cage,
cw = 1530;
theta = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
Num = 17.94*8.5 - R*sin(theta*pi/180)*8.5;
Denom = R*cos(theta*pi/180) + 8.5;
x = Num./Denom;
y = 17.94 - x - R*sin(theta*pi/180);
dist1 = sqrt(x.2 + 8.52);
dist2 = sqrt(y.2 + (R*cos(theta*pi/180)).2);
travel_time_bottom_backscattering = (dist1 + dist2)/cw;
theta1 = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
%center_x = -0.5;
center_x = 0;
center_z = 0.5;
dist5_x = R*sin(theta1*pi/180) - center_x;
dist5_z = R*cos(theta1*pi/180) - center_z;
dist5 = sqrt((dist5_x).2 + (dist5_z).2);
theta3 = (asin(0.5 ./ dist5))*180/pi;
sin_theta6 = (0.5 * sin(theta1*pi/180))./dist5;
theta6 = (asin(sin_theta6)) *180/pi;
theta4 = 90 - theta1;
theta5 = theta4 - theta3 - theta6;
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Num1 = 17.94*8.5 + R*sin(theta1*pi/180)*8.5;
Denom1 = R*cos(theta1*pi/180) + 8.5;
x1 = Num1./Denom1;
theta6 = (atan(8.5./x1))*180/pi;
y1 = 17.94 - x1 + R*sin(theta1*pi/180);
dist3 = sqrt(x1.2 + 8.52);
dist4 = sqrt(y1.2 + (R*cos(theta1*pi/180)).2);
count = (theta6 <= theta5);
travel_time_bottom_forwardscattering = ((dist3 + dist4)/cw) .* count;
save Bottom_Specular_Eva;
Parameters in the file 'Eva.par' needed for OASES analysis
0.5
0.02
1845
3000 0.35
1550 0.85
1000
1530 0.5
Parameters in the file 'Eva_Sphere_Oast.dat'
Eva Sphere Oast Input
N P E O
<tsfreq> <tsfreq> 1 <dfreq>
5
0 1530 0 0 0 1.0 0 ! Fluid halfspace above the top interface
0 1530 0 0 0 1.0 0
10.10 1530 0 0 0 1.0 0
11.10 1530 0 0 0 1.0 0
12.10 1650 0 0.5 0.5 1.91 0
3.60
11.6485 11.6485 1 1
1400 1E8
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-1 1 1
0.014 0.024 20 0.001
0.018 4 0 0 1 0 ! Eva Sphere 1m dia on seabed
Parameters in the file 'Eva_Sphere_Oast3.dat'
Eva Sphere Oast3 input
N r d O f
<tsfreq> 0 <dfreq>
5
0 1530 0 0 0 1.0 0 ! fluid halfspace above the top interface
0 1530 0 0 0 1.0 0
10.10 1530 0 0 0 1.0 0
11.10 1530 0 0 0 1.0 0
12.10 1650 0 0.5 0.5 1.91 0
100 40
3.60
11.6485 11.6485 1 1
1400 1E8
-1 1 1 1
0 0.00004 120
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Appendix B
Sample Codes and Input ﬁles for the
Composite Cylinder
File 'Cylinder_Final.m' is the main matlab file for
processing the cylinder results obtained from the
EVA'06 experiment
[ﬁlename ﬁlep]=uigetﬁle('*.dat','Please select a ﬁle')
str = ﬁlename(4:6);
start_ﬁle = str2num(str);
[ﬁlename1 ﬁlep]=uigetﬁle('*.dat','Please select a ﬁle')
str1 = ﬁlename1(4:6);
end_ﬁle = str2num(str1);
ﬁle_count = 1;
load ﬁlter2 a2;
load Cylinder_Specular_Backscattering spec_geom helical_back bottom_reﬂected;
load Cylinder_Specular_Forwardscattering spec_geom1 helical_forward;
load Bottom_Specular_Cylinder travel_time_bottom_backscattering travel_time_...
bottom_forwardscattering;
load mR8;
% spec_geom = [spec_geom(1),spec_geom(2),spec_geom(3),spec_geom(4),...
%spec_geom(6),spec_geom(9)];
% spec_geom1 = [spec_geom1(1),spec_geom1(2),spec_geom1(3),spec_geom1(4),...
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%spec_geom1(6),spec_geom1(9)];
% helical_back = [helical_back(1),helical_back(2),helical_back(3),...
%helical_back(4),helical_back(6),helical_back(9)];
% helical_forward = [helical_forward(1),helical_forward(2),...
%helical_forward(3),helical_forward(4),helical_forward(6),helical_forward(9)];
% bottom_reﬂected = [bottom_reﬂected(1),bottom_reﬂected(2),...
%bottom_reﬂected(3),bottom_reﬂected(4),bottom_reﬂected(6),bottom_reﬂected(9)];
% travel_time_bottom_backscattering = [travel_time_bottom_backscattering(1),...
%travel_time_bottom_backscattering(2),travel_time_bottom_backscattering(3),...
%travel_time_bottom_backscattering(4),travel_time_bottom_backscattering(6),...
%travel_time_bottom_backscattering(9)];
% travel_time_bottom_forwardscattering = [travel_time_bottom_...
%forwardscattering(1),travel_time_bottom_forwardscattering(2),travel_time,...
%_bottom_forwardscattering(3),travel_time_bottom_forwardscattering(4)...
%travel_time_bottom_forwardscattering(6)];
%
angle = -145;
for i = 1:59
azimuth(i) = angle;
angle = angle + 5;
end
%ﬁle_count_geom = 1;
current_ﬁle = start_ﬁle
while( current_ﬁle >= end_ﬁle)
if current_ﬁle = start_ﬁle
clear;
close all;
clc;
load Cylinder_Final;
% load Eva_Final start_ﬁle;
% load Eva_Final end_ﬁle;
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% load Eva_Final current_ﬁle;
% load Eva_Final azimuth;
% load Eva_Final ﬁle_count;
% load Eva_Final size1;
% load Eva_Final size3;
% load clock_time;
% load counter_clock_time;
% load specular_time_plot;
% load clock;
% load counter_clock;
% load ﬁle_count_geom;
end
if current_ﬁle = start_ﬁle
load Cylinder_Final dome1 dome2 dome3 dome4 dome6 dome9;
load Cylinder_Final dome_map1;
end
%
% dome1(56,:)=[];
% dome2(56,:)=[];
% dome3(56,:)=[];
% dome4(56,:)=[];
% dome5(56,:)=[];
% dome6(56,:)=[];
% dome7(56,:)=[];
% dome8(56,:)=[];
% dome9(56,:)=[];
% dome_map1(56,:) = [];
% dome_map2(56,:) = [];
% dome_map3(56,:)=[];
% %
% Select File To Process
ﬁlename = strcat('Run',num2str(current_ﬁle),'.dat');
ﬁd=fopen(ﬁlename,'r','b');
% Read Header Record
[hr ktrh]=fread(ﬁd,400,'char'); % read header record and strip oﬀ the
%header
hd=char(hr')
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% No.of samples per channel are 30,000, 10 Channels are recorded per Ping
nsamp=30000;
%Plot all 10 Channels for Ping 1
sig1 = zeros(nsamp,296); %sig1 is the two dimensional array for storing the
%data series for all the pings and all the channels
%temp = zeros(22000,1); % temp is for storing the time averaged data series
%for all the pings for one position
%temp1 = zeros(4000,1); % temp1 is for storing the time averaged values for
%all the pings for one position for one hydrophone
%used for plotting the spectrogram
gain = [47,45,43,43,43,42,43,44,45];%gain of diﬀerent hydrophones in dB
ref_gain = mean(gain); %reference gain
gain = ref_gain - gain;
factor = 10.(gain/20);
i = 1;
while(i >= 1)
[sig ktr]=fread(ﬁd,nsamp,'int16') ; % Read Data Record
if ktr =nsamp
disp('Reached end of ﬁle');
%error(['End of ﬁle. Read ' num2str(ktr) ' samples out of '
%num2str(nsamp) ]) change error message to just indicate end of ﬁle
break
end
if (size(sig) = [0,0])
sig1(:,i) = sig(:,1); % converting one dimensional array to two
%dimensional array of course assuming the data
%set consists of sets of 30,000 data points
398
end
i = i + 1;
end
Num_readings = i - 1; %Num-readings is the total number of readings per run
% next segment of the code performs the cross-correlation to align the
% peaks of the signals corresponding to diﬀerent pings but the same
% channel
%counter = 1;
%while( counter <= 10)
% for count = (counter + 10) : 10 : 296
%
% temp = xcorr( sig1(counter,:),sig1(count,:) ); % temp array
%stores the cross-correlation of the channel 1
%readings for diﬀerent pings v - 30000
% [y,v] = max(temp);
% [value,peak] = max( sig1(count,:) );
% %start = peak - 200;
% increment = v - 30000; % works only if the index of the max
% % of temp is less than the no. of
% % elements in sig1, which of course is
% % true in our case but
% % generalization is needed
%
% %peak-200
% %shift = start + increment;
%
% for j = 1:30000
%
% shift = j + increment; % j gets increased by 1 so shift gets
%incremented by 1
%
% if( shift < 1)
% continue
% end
%
% sig1(count,shift) = sig1(count, j);
% end
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%
% %ﬁgure(count);
% %plot( sig1(count,:) );
%
% shift = shift + 1;
%
% for k = shift:30000
% sig1(count,k) = 0;
% end
%
% save ('Elba')
%
% end
%
% counter = counter + 1;
% end
%
% for i = 1:296
% ﬁgure(i);
% plot(sig1(i,:));
% end
% the next segment does the time averaging of the signals after extracting
% the portion of the signal corresponding to the scattering signal
R = 1.92; % radius of the cage,
theta = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
% is the vertical angle corresponding to the position of the
% receivers
%theta = [13.6,21.94,30.28,38.62,46.96,55.3,63.64,71.98,80.32];
%phi = azimuth(ﬁle_count); % phi is the azimuthal angle in degrees i.e,...
%cage position
% corresponding to Run89
% x axis is from the center of the cage perpendicular to the rail and y
% axis is towards the direction corresponding to the zero degrees
% orientation of the receiver array. The origin is at the center of the
% cage and the objects are taken to be point objects for convenience.
phi = 50;
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xs = 18; % xs is the x coordinate of the source
ys = 15 % ys is the y coordinate of the source
zs = 9.8; % zs is the z coordinate of the source
Rt = 0.25; % Rt is the radius of the target
cw = 1530; %sound speed in water
cs = 1650; %sound speed in sediment
% [travel_time_clock travel_time_counterclock] = geom_source......
% (xs,ys,zs,Rt,cw,cs);
dist1 = sqrt( xs * xs + ys * ys + (zs)2);%sqrt gives positive square root
counter = 1;
dB_S2 = zeros(1,9);
str3 = strcat('Run_',num2str(current_ﬁle));
mkdir(str3);
while( counter <= 9 )
if counter = 5 && counter = 7 && counter = 8
[y,M] = max(sig1(:,counter)); % max is for the location of the incident
% ﬁeld
start(counter) = M + 1;
N(counter) = M; % The array N contains the maximum value of the data
% series recorded by each hydrophone
l = 1; % l is the number of time averaged samples
for k = start(counter) : 1 : 30000
n = 1;
sum = 0;
for count = counter : 10 : Num_readings %there are actually 10
%channels but the 10th
%channel is inactive and
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%hence counter runs from
%1 to 9
sum = sum + sig1(k,count);
n = n + 1;
end
temp(l)= sum/(n-1);
l = l + 1;
end
l = l - 1;
temp(1,:) = temp(1,:) * factor(counter);
%temp1(:) = temp(:);
% this section of the code calculates the time delay between the incident
% and specular(counter) echo by making use of the geometry of the cage and
% does the half Hanning to reduce the contribution from the samples close
%to the incident wave
xr = R * sin((theta(counter)) * pi/180) * sin(phi * pi/180); % xr is
%the x coordinate of the...
%receiver
yr = R * sin((theta(counter)) * pi/180) * cos(phi * pi/180); % yr is
%the y coordinate of the re-
ceiver
zr = R * cos((theta(counter)) * pi/180); % zr is the z coordinate of
% the receiver
x1 = xs - xr;
y1 = ys - yr;
z1 = zs - zr;
dist2 = sqrt( xr * xr + yr * yr + (zr)2);
dist3 = sqrt( x1 * x1 + y1 * y1 + z1 * z1);
time1 = dist3/cw; % time1 is the time taken by the incident ﬁeld to
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%reach theoretically ;
sample1(counter) = time1 * 500000; % sample1 is the sample no.
% where we expect to see the inci-
dent
%ﬁeld theoretically
sample1(counter) = ceil(sample1(counter));
%[specular_time,specular_count] = Specular(xs,ys,zs,xr,yr,zr,Rt,cw)
if phi == -130
if counter = 9
time2(counter) = spec_geom1(counter) + 0.0003;
time3(counter) = helical_forward(counter) + 0.0003 ;
time4(counter) = travel_time_bottom_forwardscattering...
(counter) - time1 + 0.0003;
sample2(counter) = time2(counter) * 500000;
sample2(counter) = ceil(sample2(counter));
sample3(counter) = time3(counter) * 500000; % sample3...
%is the sample no. where we expect to see the helical wave...
%theoretically
sample3(counter) = ceil(sample3(counter));
sample4(counter) = time4(counter) * 500000; % sample4 is
%the sample no. where we expect to see the ﬁrst
% direct bottom reﬂected wave
sample4(counter) = ceil(sample4(counter));
end
end
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if phi == 50
if counter = 9
time2(counter) = spec_geom(counter) + 0.0003;
time3(counter) = helical_back(counter) + 0.0003 ;
time4(counter) = travel_time_bottom_backscattering(counter)...
- time1 + 0.0003;
time5(counter) = bottom_reﬂected(counter) + 0.0003;
sample2(counter) = time2(counter) * 500000;
sample2(counter) = ceil(sample2(counter));
sample3(counter) = time3(counter) * 500000; % sample3...
%is the sample no. where we expect to see the helical wave...
%theoretically
sample3(counter) = ceil(sample3(counter));
sample4(counter) = time4(counter) * 500000; % sample4 is
%the sample no. where we expect to see the ﬁrst
% direct bottom reﬂected wave
sample4(counter) = ceil(sample4(counter));
sample5(counter) = time5(counter) * 500000; % sample5 is
%the sample no. where we expect to see the ﬁrst
% direct bottom reﬂected wave after
% reﬂection from the target
sample5(counter) = ceil(sample5(counter));
end
end
temp1 = temp(1:10000);
% range = specular(counter); % No. of samples between
%the incident ﬁeld and the specular echo in the
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%time-averaged data series
range = 500;
for k = 1 : 1 : (range + 1)
arg =( (k - 1) /range) * pi;
temp1(k) = temp1(k) * 0.5 * ( 1 - cos(arg) ); %half Hanning to
% reduce the
% contribution of
% samples close to
% the incident ﬁeld
end
end_hanning_start = 10000 - range;
for k = end_hanning_start:1:10000
arg =( (10000-k) /range) * pi;
temp1(k) = temp1(k) * 0.5 * ( 1 - cos(arg) ); %half Hanning to
% reduce the
% contribution of
% samples close to
% the incident ﬁeld
end
x_axis = (1:length(temp1))/500000;
% ﬁgure
% h = plot(x_axis,temp1,'k');
% h=title(['ping to ping aligned and averaged time series plot...
%before bandpass ﬁltering for'...
% ' channel', num2str(counter)]);
% set(h,'Fontsize',16);
% h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
% set(gca,'XTickLabel',[0 2 4 6 8 10 12 14 16 18 20]);
% h=ylabel('Amplitude (A/D) Units'); set(h,'Fontsize',16);
%
% temp14 = ﬀt(temp1,32768);
% temp14 = 20 *log10(abs(temp14)/max(abs(temp14)));%original ﬀt
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% of the scattered signal
%
% f = 500000/32768*(0:16384);
% ﬁgure
% h=plot(f,temp14(1:16385),'k');
%
%
% h=title([' ﬀt of the original scattered signal in dB for'...
% ' channel', num2str(counter)]);
% set(h,'Fontsize',16);
% h=xlabel('Frequency(Hz)'); set(h,'Fontsize',16);
% h=ylabel('Magnitude Response(dB)'); set(h,'Fontsize',16);
%temp10 = [temp1 zeros(1,length(Num)-1)];%temp1 is a row vector
temp10 = temp1;
%temp11 = [Num zeros(1,length(temp1)-1)];%temp2 is a row vector
temp11 = a2;
temp12 = conv(temp10,temp11); %scattered signal convoluted with
%the ﬁlter
x_axis1 = (1:length(temp12))/500000;
% ﬁgure
% plot(x_axis1,temp12,'k');
%
% h=title(['ping to ping aligned and averaged time series plot
%after bandpass ﬁltering '...
% ' channel', num2str(counter)]);
% %legend(h,'Specular Echo','First A_0 Counterclock wave',...
%'First A_0 Clock Wave');
% set(h,'Fontsize',16);
% h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
% set(gca,'XTickLabel',[0 2 4 6 8 10 12 14 16 18 20]);
% h=ylabel('Amplitude (A/D) Units'); set(h,'Fontsize',16);
%
% ﬁgure
% plot(temp);
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% ﬁgure
% plot(temp12);
% temp13 = ﬀt(temp12,32768); %ﬀt of the bandpass ﬁltered
% scattered signal
% temp14 = 20 *log10(abs(temp13)/max(abs(temp13)));
%
% f = 500000/32768*(0:16384);
% ﬁgure
% h=plot(f,temp14(1:16385),'k');
%
% h=title(['ﬀt for the bandpass ﬁltered scattered signal in dB for'...
% ' channel', num2str(counter)]);
% set(h,'Fontsize',16);
% h=xlabel('Frequency(Hz)'); set(h,'Fontsize',16);
% h=ylabel('Magnitude Response(dB)'); set(h,'Fontsize',16);
%
% frequency = 500000/32768*(0:32768);
%
% freq_end = ﬁnd( (frequency >= 15000),1 ) - 1;
% temp13 = temp13(1:freq_end);
temp17 = temp12;
x_axis1 = (1:length(temp17))/500000;
ﬁgure
if phi == -130
if counter = 9
% if counter == 1
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
% elseif counter == 2
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
% elseif counter == 3
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
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% elseif counter == 4
%
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
% elseif counter == 6
%
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
%
% end
plot([time4(counter),time4(counter)], [min(temp1), ...
max(temp1)],'m','LineWidth',2);
hold on
if counter <= 6
plot([time2(counter),time2(counter)], [min(temp1), ...
max(temp1)],'g','LineWidth',2);
end
hold on
plot([time3(counter),time3(counter)], [min(temp1), max(temp1)],...
'r','LineWidth',2);
hold on
if counter <= 6
legend('Bottom Specular','Specular Echo','Helical Wave');
else
legend('Bottom Specular','Helical Wave');
end
end
end
if phi == 50
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if counter = 9
% if counter == 1
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
% time5(counter) = 0; % ﬁrst bounce i.e., bottom + target...
%reﬂected
%
% elseif counter == 2
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
%
% time5(counter) = time5(counter) + 0.001;
%
% elseif counter == 3
% time2(counter) = time2(counter) + 0.0008;
% time3(counter) = time3(counter) + 0.0008;
% time4(counter) = time4(counter) + 0.0008;
% time5(counter) = time5(counter) + 0.001;
%
%
% elseif counter == 4
% time2(counter) = time2(counter) + 0.0008;
% time3(counter) = time3(counter) + 0.0008;
% time4(counter) = time4(counter) + 0.0008;
% time5(counter) = time5(counter) + 0.001;
%
% elseif counter == 5
% time2(counter) = time2(counter) + 0.0005;
% time3(counter) = time3(counter) + 0.0005;
% time4(counter) = time4(counter) + 0.0005;
% time5(counter) = time5(counter) + 0.001;
%
% elseif counter == 6
% time2(counter) = time2(counter) - 0.0002;
% time3(counter) = time3(counter) - 0.0002;
% time4(counter) = time4(counter) - 0.0002;
% time5(counter) = time5(counter) + 0.001;
%
%
% end
plot([time4(counter),time4(counter)], [min(temp1),...
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max(temp1)],'m','LineWidth',2);
hold on
plot([time2(counter),time2(counter)], [min(temp1),...
max(temp1)],'g','LineWidth',2);
hold on
if counter = 1
plot([time5(counter),time5(counter)], [min(temp1),...
max(temp1)],'b','LineWidth',2);
hold on
end
plot([time3(counter),time3(counter)], [min(temp1),...
max(temp1)],'r','LineWidth',2);
hold on
if counter = 1
legend('Bottom Specular','Specular Echo',...
'First Bottom Bounce Wave','Helical Wave');
else
legend('Bottom Specular','Specular Echo','Helical Wave');
end
end
end
plot(x_axis1,temp17,'k');
h=title(['ping to ping aligned and averaged time series plot after'...
'bandpass ﬁltering '...
' channel', num2str(counter)]);
set(h,'Fontsize',16);
h=xlabel('Time (millisec)'); set(h,'Fontsize',16);
set(gca,'XTickLabel',[0 2 4 6 8 10 12 14 16 18 20]);
h=ylabel('Amplitude (A/D) Units'); set(h,'Fontsize',16);
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hold oﬀ;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter-1),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ',str3, '/ﬁgure',num2str(2*counter-1),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter-1),'.eps'];
system(cmd);
ﬁgure
if phi == -130
if counter = 9
% if counter == 1
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
% elseif counter == 2
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
% elseif counter == 3
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
% elseif counter == 4
%
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
% elseif counter == 6
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%
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
%
%
% end
plot([time4(counter),time4(counter)], [0,50000],'m',...
'LineWidth',2);
hold on
if counter <= 6
plot([time2(counter),time2(counter)], [0,50000],'g',...
'LineWidth',2);
end
hold on
plot([time3(counter),time3(counter)], [0,50000],'r','LineWidth',2);
hold on
if counter <= 6
legend('Bottom Specular','Specular Echo','Helical Wave');
else
legend('Bottom Specular','Helical Wave');
end
end
end
if phi == 50
if counter = 9
% if counter == 1
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
% time4(counter) = time4(counter) + 0.001;
% time5(counter) = 0; % ﬁrst bounce i.e., bottom + target...
%reﬂected
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%
% elseif counter == 2
% time2(counter) = time2(counter) + 0.001;
% time3(counter) = time3(counter) + 0.001;
%
% time5(counter) = time5(counter) + 0.001;
%
% elseif counter == 3
% time2(counter) = time2(counter) + 0.0008;
% time3(counter) = time3(counter) + 0.0008;
% time4(counter) = time4(counter) + 0.0008;
% time5(counter) = time5(counter) + 0.001;
%
%
% elseif counter == 4
% time2(counter) = time2(counter) + 0.0008;
% time3(counter) = time3(counter) + 0.0008;
% time4(counter) = time4(counter) + 0.0008;
% time5(counter) = time5(counter) + 0.001;
%
% elseif counter == 5
% time2(counter) = time2(counter) + 0.0005;
% time3(counter) = time3(counter) + 0.0005;
% time4(counter) = time4(counter) + 0.0005;
% time5(counter) = time5(counter) + 0.001;
%
% elseif counter == 6
% time2(counter) = time2(counter) - 0.0002;
% time3(counter) = time3(counter) - 0.0002;
% time4(counter) = time4(counter) - 0.0002;
% time5(counter) = time5(counter) + 0.001;
%
%
% end
plot([time4(counter),time4(counter)], [0,50000],'m','LineWidth',2);
hold on
plot([time2(counter),time2(counter)], [0,50000],'g','LineWidth',2);
hold on
if counter = 1
plot([time5(counter),time5(counter)], [0,50000],'b',...
'LineWidth',2);
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hold on
end
plot([time3(counter),time3(counter)], [0,50000],'r',...
'LineWidth',2);
hold on
if counter = 1
legend('Bottom Specular','Specular Echo',...
'First Bottom Bounce Wave','Helical Wave');
else
legend('Bottom Specular','Specular Echo','Helical Wave');
end
end
end
temp2 = downsample(temp17,5);
%ﬁgure %comment this
spectrogram(temp2,50,40,2048,100000,'yaxis');
h = title(['Spectrogram plot in dB for channel', num2str(counter)]);
axis([0 0.02 0 10000]);
caxis([-70 0]);
set(h,'Fontsize',16);
h=xlabel('Time (millisec)'); set(h,'Fontsize',16);
set(gca,'XTickLabel',[0 2 4 6 8 10 12 14 16 18 20]);
h=ylabel('Frequency (Hz)'); set(h,'Fontsize',16);
%set(gca,'YTickLabel',[0 5 10 15 20 25]);
h1 = colorbar;
% h1 = ylabel('dB');
hold on;
%spectrogram(temp2,50,40,2048,100000,'yaxis');
hold oﬀ;
saveas(h,'ﬁgure');
414
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ' ,str3, '/ﬁgure',num2str(2*counter),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter),'.eps'];
system(cmd);
%hold oﬀ ; % comment oﬀ this line
[S,F,T] = spectrogram(temp2,50,40,2048,100000);
% S1 = 10.( abs(S)/ 20);
% S1 = 20 * log10(abs(S));% converting the dB value of magnitude of short
% %time Fourier transform into square of the
% %absolute value
Avg1 = abs( mean( S(1:411,1:148) ) );
% calculates the absolute value of the average across
%frequency upto 20 kHz and time upto 0.015 sec.
Avg = 20 * log10(Avg1); % the average values in dB
S2 = abs( S(104,1:148) ).2;
mean_S2 = mean(S2);
dB_S2(1,counter) = 10 *log10(mean_S2); %dB_S2 is the average inten-
sity in
%dB at 5,000 Hz, the average being taken
over
%the ﬁrst 148 samples and is used for dome
% mapping
if counter == 1
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome1);
size1 = size1 + 1;
end
415
dome1(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome1,counter,T);
end
%save Elba.dat dome1 -ascii ;
elseif counter == 2
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome2);
size1 = size1 + 1;
end
dome2(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome2,counter,T);
end
%save Elba.dat dome2 -ascii ;
elseif counter == 3
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome3);
size1 = size1 + 1;
end
dome3(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome3,counter,T);
end
%save Elba.dat dome3 -ascii ;
elseif counter == 4
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome4);
size1 = size1 + 1;
end
dome4(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome4,counter,T);
end
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%save Elba.dat dome4 -ascii ;
elseif counter == 5
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome5);
size1 = size1 + 1;
end
dome5(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome5,counter,T);
end
%save Elba.dat dome5 -ascii ;
elseif counter == 6
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome6);
size1 = size1 + 1;
end
dome6(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome6,counter,T);
end
%save Elba.dat dome6 -ascii ;
elseif counter == 7
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome7);
size1 = size1 + 1;
end
dome7(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome7,counter,T);
end
%save Elba.dat dome7 -ascii ;
elseif counter == 8
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if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome8);
size1 = size1 + 1;
end
dome8(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome8,counter,T);
end
%save Elba.dat dome8 -ascii ;
else
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome9);
size1 = size1 + 1;
end
dome9(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome9,counter,T);
end
%save Elba.dat dome9 -ascii ;
end
end
counter = counter + 1;
end
dome10 = zeros(5,148);
dB_S2 = [dB_S2(1),dB_S2(2),dB_S2(3),dB_S2(4),dB_S2(6),dB_S2(9)];
if current_ﬁle == start_ﬁle
size3 = 1;
else
[size3 size4] = size(dome_map1);
size3 = size3 + 1;
end
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theta = [10,18.3,26.6,34.9,51.5,76.4];
dome_map1(size3,:) = dB_S2(1,:);% for mapping dome at frequency 5,000 Hz
if size3 == 59
dome_plot(dome_map1,theta);
end
theta = [10,18.3,26.6,34.9,51.5];
dome10 = [dome1(size1,:); dome2(size1,:); dome3(size1,:); dome4(size1,:);...
dome6(size1,:)];
Time = zeros(1,148);
Time(1,:) = T(1:148)*1000;
ﬁgure
surf(Time,theta,dome10,'EdgeColor','none');
view([0 90]);
shading('ﬂat');colormap('jet');
h=title(['Frequency averaged magnitude of short time Fourier Transform in',...
' dB plotted as a function of vertical angle and discrete time',...
' steps']) ;
set(h,'Fontsize',16);
h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
h=ylabel('Vertical angle(deg)'); set(h,'Fontsize',16);
colorbar;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter-1),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ' ,str3, '/ﬁgure',num2str(2*counter-1),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter-1),'.eps'];
system(cmd);
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r = Time';
theta1(1,:) = (pi / 180) * theta(1,:);
X = r * sin(theta1);
Y = r * cos(theta1);
X = X';
Y = Y';
theta2 = [0:pi/100:pi/2];
ﬁgure
plot(1*cos(theta2),1*sin(theta2),'-r');
hold on;
plot(3*cos(theta2),3*sin(theta2),'-r');
hold on;
plot(5*cos(theta2),5*sin(theta2),'-r');
hold on;
plot(7*cos(theta2),7*sin(theta2),'-r');
hold on;
plot(9*cos(theta2),9*sin(theta2),'-r');
hold on;
plot(11*cos(theta2),11*sin(theta2),'-r');
hold on;
plot(13*cos(theta2),13*sin(theta2),'-r');
hold on;
surf(X,Y,dome10,'EdgeColor','none');
view([0 90]);
shading('ﬂat');colormap('jet');
axis equal tight;
text(1*cos(45*pi/180),1*sin(45*pi/180),'1 ms','Fontsize',14);
text(3*cos(45*pi/180),3*sin(45*pi/180),'3 ms','Fontsize',14);
text(5*cos(45*pi/180),5*sin(45*pi/180),'5 ms','Fontsize',14);
text(7*cos(45*pi/180),7*sin(45*pi/180),'7 ms','Fontsize',14);
text(9*cos(45*pi/180),9*sin(45*pi/180),'9 ms','Fontsize',14);
text(11*cos(45*pi/180),11*sin(45*pi/180),'11 ms','Fontsize',14);
text(13*cos(45*pi/180),13*sin(45*pi/180),'13 ms','Fontsize',14);
h=title(['Polar Plot of Frequency averaged magnitude of short time Fourier',...
' Transform in dB plotted as a function of vertical angle with',...
' discrete time steps being the radial function']);
set(h,'Fontsize',16);
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h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
h=ylabel('Time(millisec)'); set(h,'Fontsize',16);
colorbar;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ' ,str3, '/ﬁgure',num2str(2*counter),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter),'.eps'];
system(cmd);
ﬁle_count = ﬁle_count + 1;
current_ﬁle = current_ﬁle - 1;
save Cylinder_Final;
end
Routine to compute the impulse response of a
6th Order Butterworth Filter
%function Hd = ﬁlter2
%FILTER2 Returns a discrete-time ﬁlter object.
%
% M-File generated by MATLAB(R) 7.1 and the Signal Processing Toolbox 6.4.
%
% Generated on: 28-Dec-2007 18:57:01
%
% Butterworth Bandpass ﬁlter designed using the BUTTER function.
% All frequency values are in Hz.
Fs = 500000; % Sampling Frequency
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N = 6; % Order
Fc1 = 1500; % First Cutoﬀ Frequency
Fc2 = 14000; % Second Cutoﬀ Frequency
% Calculate the zpk values using the BUTTER function.
[z,p,k] = butter(N/2, [Fc1 Fc2]/(Fs/2));
% To avoid round-oﬀ errors, do not use the transfer function. Instead
% get the zpk representation and convert it to second-order sections.
[sos_var,g] = zp2sos(z, p, k);
Hd = dﬁlt.df2sos(sos_var, g);
a2 = impz(Hd);
a2 = a2.';
ﬁgure
stem(a2);
%coeﬀ = Hd.sosMatrix;
save ﬁlter2;
% [EOF]
Code for computing the travel times of Specular Echo, Helical Wave and First
Bottom Bounce Wave in the back scattering configuration.
% function [specular_time,count] = Specular(xs,ys,zs,xr,yr,zr,r,cw)
% This code computes the time taken for the specular wave to reach the
% diﬀerent receivers. It should be noted that for some positions of the
% receivers, there may not be any direct specular echo possible
% xs is the x coordinate of the source
% ys is the y coordinate of the source
% zs is the z coordinate of the source
% r is the radius of the target
% cw is sound speed in water
% specular is the arrival time for the specular wave
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% Author : Deep Ghosh
% Created : 28th Nov, 2007
% Revised :
% Notes :
R = 1.92; % radius of the cage,
theta = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
count = ones(1,9);
specular = zeros(1,9);
bottom_reﬂected = zeros(1,9);
xs = 23; % xs is the x coordinate of the source
zs = 9.8; % zs is the z coordinate of the source
zs = zs - 0.25;
xs = xs - 0.5;
r=0.25;
cw=1530;
%phi = 90;
R=1.92;
counter = 1;
for counter = 1:9
xr(counter) = R * sin((theta(counter)) * pi/180); % xr is
%the x coordinate of the...
%receiver
%yr(counter) = R * sin((theta(counter)) * pi/180) * cos(phi * pi/180); % yr is
%the y coordinate of the
%receiver
zr(counter) = R * cos((theta(counter)) * pi/180); % zr is the z coordinate of
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% the receiver
zr(counter) = zr(counter) - 0.25;
xr(counter) = xr(counter) - 0.5;
time1(counter) = sqrt( (xs-xr(counter))2 + (zs-zr(counter))2 ) /cw ;
% time1(counter) = 0;
%time3(counter) = (sqrt( xs2 + zs2) + sqrt( xr(counter)2 +
%zr(counter)2 )) / cw - time1(counter);
% time1(counter) = time1(counter) - 0.0005;
end
% CASE 1: angle : 90 degrees to angle1
angle1 = atan(zs/xs) * 180/pi;
angle1_array = 90:-0.01:angle1;
angle1_array = angle1_array * pi/180;
for i = 1:length(angle1_array)
vec_1_x = r*cos(angle1_array(i));
vec_1_z = r*sin(angle1_array(i));
vec_2_x = xs - r*cos(angle1_array(i));
vec_2_z = zs - r*sin(angle1_array(i));
dot_product = vec_1_x * vec_2_x + vec_1_z * vec_2_z;
mag_vec_2 = sqrt(vec_2_x2 + vec_2_z2);
cos_theta2 = dot_product/(mag_vec_2 * r);
theta2 = acos(cos_theta2) ;
% theta3 = 180 - theta2;
%
% sin_theta4 = r/R * sin(theta3 *pi/180);
%
% theta4 = asin(sin_theta4) * 180/pi;
%
% theta5 = 180 - (theta4 + theta3);
%
% theta5 = theta5 * pi/180;
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% spec = R * sin(theta5) / sin(theta3 * pi/180);
theta_ﬁnal = theta2 + angle1_array(i); %in rad
m = tan(theta_ﬁnal);
x_comp = [0;0];
z_comp = 0;
x1 = vec_1_x + 0.5;
z1 = vec_1_z + r;
coeﬀ1 = 1;
coeﬀ2 = 2*m*(z1 - m*x1)/(1+m2);
coeﬀ3 = ((z1 - m*x1)2 - R2) /(1+m2);
p = [coeﬀ1 coeﬀ2 coeﬀ3];
Root = roots(p);
for j = 1:2
if Root(j) > 0
x_comp(j) = Root(j);
end
if x_comp(j) > 0
x_comp(j) = x_comp(j) - 0.5;
z_comp = vec_1_z + m * (x_comp(j) - vec_1_x);
spec = sqrt( (vec_1_x - x_comp(j))2 + (vec_1_z - z_comp)2 );
for counter = 1:9
if ( (x_comp(j) <= xr(counter) + 0.1) && (x_comp(j) >= ...
xr(counter) - 0.1) && (z_comp <= zr(counter)...
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+ 0.1) && (z_comp >= zr(counter) - 0.1) )
specular(counter) = (mag_vec_2 + spec)/cw; ...
%arrival time of specular wave
specular(counter) = specular(counter) - time1(counter);
break;
end
end
end
end
end
% CASE 2: angle : angle1 to 0 degrees
angle1 = atan(zs/xs) * 180/pi;
angle1_array = angle1:-0.01:0;
angle1_array = angle1_array * pi/180;
for i = 1:length(angle1_array)
vec_1_x = r*cos(angle1_array(i));
vec_1_z = r*sin(angle1_array(i));
vec_2_x = xs - r*cos(angle1_array(i));
vec_2_z = zs - r*sin(angle1_array(i));
dot_product = vec_1_x * vec_2_x + vec_1_z * vec_2_z;
mag_vec_2 = sqrt(vec_2_x2 + vec_2_z2);
cos_theta2 = dot_product/(mag_vec_2 * r);
theta2 = acos(cos_theta2) ;
if angle1_array(i) >= theta2 % no scope for bottom reﬂection
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theta_ﬁnal = -theta2 + angle1_array(i); %in rad
m = tan(theta_ﬁnal);
x_comp = [0;0];
z_comp = 0;
x1 = vec_1_x + 0.5;
z1 = vec_1_z + r;
coeﬀ1 = 1;
coeﬀ2 = 2*m*(z1 - m*x1)/(1+m2);
coeﬀ3 = ((z1 - m*x1)2 - R2) /(1+m2);
p = [coeﬀ1 coeﬀ2 coeﬀ3];
Root = roots(p);
for j = 1:2
if Root(j) > 0
x_comp(j) = Root(j);
end
if x_comp(j) > 0
x_comp(j) = x_comp(j) - 0.5;
z_comp = vec_1_z + m * (x_comp(j) - vec_1_x);
spec = sqrt( (vec_1_x - x_comp(j))2 + (vec_1_z - z_comp)2
);
for counter = 1:9
if ( (x_comp(j) <= xr(counter) + 0.1) && (x_comp(j)...
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>= xr(counter) - 0.1) ) && ...
( (z_comp <= zr(counter) + 0.1) && ...
(z_comp >= zr(counter) - 0.1) )
specular(counter) = (mag_vec_2 + spec)/cw;...
%arrival time of specular wave
specular(counter) = specular(counter) - ...
time1(counter);
break;
end
end
end
end
else %angle1_array(i) < theta2
theta_ﬁnal = -theta2 + angle1_array(i); %in rad
if -theta_ﬁnal < atan( (vec_1_z+r) / (R-vec_1_x) ) %still no ...
bottom reﬂection
m = tan(theta_ﬁnal);
x_comp = [0;0];
z_comp = 0;
x1 = vec_1_x + 0.5;
z1 = vec_1_z + r;
coeﬀ1 = 1;
coeﬀ2 = 2*m*(z1 - m*x1)/(1+m2);
coeﬀ3 = ((z1 - m*x1)2 - R2) /(1+m2);
p = [coeﬀ1 coeﬀ2 coeﬀ3];
Root = roots(p);
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for j= 1:2
if Root(j) > 0
x_comp(j) = Root(j);
end
if x_comp(j) > 0
x_comp(j) = x_comp(j) - 0.5;
z_comp = vec_1_z + m * (x_comp(j) - vec_1_x);
spec = sqrt( (vec_1_x - x_comp(j))2 + ...
(vec_1_z - z_comp)2 );
for counter = 1:9
if ( (x_comp(j) <= xr(counter) + 0.1) &&...
(x_comp(j) >= xr(counter) - 0.1) )...
&& ( (z_comp <= zr(counter) + 0.1)...
&& (z_comp >= zr(counter) - 0.1) )
specular(counter) = (mag_vec_2 + spec)...
/cw; %arrival time of specular wave
specular(counter) = specular(counter)...
- time1(counter);
break;
end
end
end
end
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elseif (-theta_ﬁnal > atan( (vec_1_z+r) / (R-vec_1_x) ) ) ...
&& (-theta_ﬁnal < pi/2) % bottom reﬂection and no ...
%direct specular and no internal bounces
theta_ﬁnal = -theta_ﬁnal;
spec1 = (vec_1_z + r) / sin(theta_ﬁnal);
x4 = spec1 * cos(theta_ﬁnal) + vec_1_x;
if x4 < R %only then the bottom reﬂection will reach the cage
m = tan(theta_ﬁnal);
x_comp = [0;0];
z_comp = 0;
x1 = x4 + 0.5;
z1 = 0;
coeﬀ1 = 1;
coeﬀ2 = 2*m*(z1 - m*x1)/(1+m2);
coeﬀ3 = ((z1 - m*x1)2 - R2) /(1+m2);
p = [coeﬀ1 coeﬀ2 coeﬀ3];
Root = roots(p);
for j = 1:2
if Root(j) > 0
x_comp(j) = Root(j);
end
if x_comp(j) > 0
x_comp(j) = x_comp(j) - 0.5;
z_comp = -r + m * (x_comp(j) - x4);
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spec2 = sqrt( (x4 - x_comp(j))2 + (-r - ...
z_comp)2 );
for counter = 1:9
if ( (x_comp(j) <= xr(counter) + 0.2) ...
&& (x_comp(j) >= xr(counter)
- ...
0.2) ) && ( (z_comp <= ...
zr(counter) + 0.2) && ...
(z_comp >= zr(counter) - 0.2) )
bottom_reﬂected(counter) = ...
(mag_vec_2 + spec1 + spec2)...
/cw; %arrival time of specular wave
bottom_reﬂected(counter) = ...
bottom_reﬂected(counter) - ...
time1(counter);
break;
end
end
end
end
end
end
end
end
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% CASE 3: angle : 0 degrees to angle2
cos_angle3 = r/ sqrt(( xs2 + zs2));
angle3 = acos(cos_angle3);
angle3 = angle3 * 180/pi;
angle1 = atan(zs/xs) * 180/pi;
angle2 = angle3 - angle1;
angle1_array = 0:-0.01:-angle2;
angle1_array = angle1_array * pi/180;
for i = 1:length(angle1_array)
vec_1_x = r*cos(angle1_array(i));
vec_1_z = r*sin(angle1_array(i));
vec_2_x = xs - r*cos(angle1_array(i));
vec_2_z = zs - r*sin(angle1_array(i));
dot_product = vec_1_x * vec_2_x + vec_1_z * vec_2_z;
mag_vec_2 = sqrt(vec_2_x2 + vec_2_z2);
cos_theta2 = dot_product/(mag_vec_2 * r);
theta2 = acos(cos_theta2) ;
theta_ﬁnal = -theta2 + angle1_array(i); %in rad
if -theta_ﬁnal < atan( (vec_1_z+r) / (R-vec_1_x) ) %still no ...
%bottom reﬂection
m = tan(theta_ﬁnal);
x_comp = [0;0];
z_comp = 0;
x1 = vec_1_x + 0.5;
z1 = vec_1_z + r;
coeﬀ1 = 1;
coeﬀ2 = 2*m*(z1 - m*x1)/(1+m2);
coeﬀ3 = ((z1 - m*x1)2 - R2) /(1+m2);
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p = [coeﬀ1 coeﬀ2 coeﬀ3];
Root = roots(p);
for j = 1:2
if Root(j) > 0
x_comp(j) = Root(j);
end
if x_comp(j) > 0
x_comp(j) = x_comp(j) - 0.5;
z_comp = vec_1_z + m * (x_comp(j) - vec_1_x);
spec = sqrt( (vec_1_x - x_comp(j))2 + (vec_1_z - ...
z_comp)2 );
for counter = 1:9
if ( (x_comp(j) <= xr(counter) + 0.1) &&...
(x_comp(j) >= xr(counter) - 0.1) )...
&& ( (z_comp <= zr(counter) + 0.1)...
&& (z_comp >= zr(counter) - 0.1) )
specular(counter) = (mag_vec_2 + spec)/...
cw; %arrival time of specular wave
specular(counter) = specular(counter)...
- time1(counter);
break;
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end
end
end
end
elseif (-theta_ﬁnal > atan( (vec_1_z+r) / (R-vec_1_x) ) ) &&...
(-theta_ﬁnal < pi/2) % bottom reﬂection and no direct
%specular and no internal bounces
theta_ﬁnal = -theta_ﬁnal;
spec1 = (vec_1_z + r) / sin(theta_ﬁnal);
x4 = spec1 * cos(theta_ﬁnal) + vec_1_x;
if x4 < R %only then the bottom reﬂection will reach the cage
m = tan(theta_ﬁnal);
x_comp = [0;0];
z_comp = 0;
x1 = x4 + 0.5;
z1 = 0;
coeﬀ1 = 1;
coeﬀ2 = 2*m*(z1 - m*x1)/(1+m2);
coeﬀ3 = ((z1 - m*x1)2 - R2) /(1+m2);
p = [coeﬀ1 coeﬀ2 coeﬀ3];
Root = roots(p);
for j = 1:2
if Root(j) > 0
x_comp(j) = Root(j);
end
if x_comp(j) > 0
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x_comp(j) = x_comp(j) - 0.5;
z_comp = -r + m * (x_comp(j) - x4);
spec2 = sqrt( (x4 - x_comp(j))2 + (-r - z_comp)2
);
for counter = 1:9
if ( (x_comp(j) <= xr(counter) + 0.2)...
&& (x_comp(j) >= xr(counter)
-...
0.2) ) && ( (z_comp <= ...
zr(counter) + 0.2) && ...
(z_comp >= zr(counter) - 0.2) )
bottom_reﬂected(counter) = ...
(mag_vec_2 + spec1 + spec2)/cw;
%arrival time of specular wave
bottom_reﬂected(counter) = ...
bottom_reﬂected(counter) -...
time1(counter);
break;
end
end
end
end
end
end
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end
for i = 1:9
helical_back(i) = specular(i) + (( 3/2 *pi *0.25) + 4 * sqrt( 0.52 +...
0.252))/cw;
end
spec_geom = specular;
save Cylinder_Specular_Backscattering;
% l1 = sqrt(xs2 + ys2 + (zs-r)2);
% l2 = sqrt(xr2 + yr2 + (zr-r)2);
% l3 = sqrt( (xs-xr)2 + (ys-yr)2 + (zs-zr)2 );
%
% cos_delta = (l12 + l22 - l32) / (2*l1*l2);
% sin_delta = sqrt(1-cos_delta2);
%
% D = (cos_delta)/l1 + 1/l2;
%
% denom = 4/(r2);
%
% coeﬀ1 = ( (4*sin_delta*cos_delta)/(l1*r) - 4*D*sin_delta/r ) / denom;
% coeﬀ2 = (D - denom + sin_delta2/l12) / denom;
%
% coeﬀ3 = ( 2*D*sin_delta/r - 4*sin_delta*cos_delta/(l1*r) ) / denom;
%
% coeﬀ4 = ( sin_delta2/r2 - sin_delta2/l12 ) / denom;
%
% p = [ 1 coeﬀ1 coeﬀ2 coeﬀ3 coeﬀ4];
% r = roots(p);
% count = 1;
%
% for s = 1 : 4
%
% if r(s) >= 0 && r(s) <= 1
% sin_theta(count) = r(s); % sin_theta is sin(theta)
% count = count + 1;
% end
%
% end
%
% if count > 1
% disp(['More than one possible direct specular, so returning zero']);
% specular_time = 0;
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% return
%
% elseif count == 0
% disp(['No possible direct speculars, so returning zero']);
% specular_time = 0;
% return
%
% else
%
% cos_theta = sqrt( 1 - sin_theta2);
%
% x1 = sqrt( l12 + r2 - 2*l1*r*cos_theta);
%
% delta = acos(cos_delta);
% delta = 180/pi * delta;
%
% theta = asin(sin_theta);
% theta = 180/pi * theta;
%
% gamma = delta - theta;
% gamma = gamma * pi/180;
%
% x2 = sqrt( l22 + r2 - 2*l2*r*cos(gamma));
%
% specular_time = x1 + x2;
% return
%
%
% end
Code for computing the travel times of Specular Echo
and Helical Wave in the forward scattering configuration.
%The ﬁrst part is for the end caps
%This part is for the end cap that is getting insoniﬁed
R = 1.92; % radius of the cage,
theta = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
theta = -theta;
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count = ones(1,9);
specular = zeros(1,9);
bottom_reﬂected = zeros(1,9);
xs = 23; % xs is the x coordinate of the source
zs = 9.8; % zs is the z coordinate of the source
zs = zs - 0.25;
xs = xs - 0.5;
r=0.25;
cw=1530;
%phi = 90;
R=1.92;
counter = 1;
for counter = 1:9
xr(counter) = R * sin((theta(counter)) * pi/180); % xr is
%the x coordinate of the ...
%receiver
%yr(counter) = R * sin((theta(counter)) * pi/180) * cos(phi * pi/180);
% yr is
%the y coordinate of the ...
%receiver
zr(counter) = R * cos((theta(counter)) * pi/180); % zr is the z ...
%coordinate of
% the receiver
zr(counter) = zr(counter) - 0.25;
xr(counter) = xr(counter) - 0.5;
time1(counter) = sqrt( (xs-xr(counter))2 + (zs-zr(counter))2 ) /cw ;
% time1(counter) = 0;
%time3(counter) = (sqrt( xs2 + zs2) + sqrt( xr(counter)2 + ...
%zr(counter)2 )) / cw - time1(counter);
% time1(counter) = time1(counter) - 0.0005;
end
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% CASE 1: angle : 90 degrees to angle1
angle1 = atan(zs/xs) * 180/pi;
angle1_array = 90:-0.01:angle1;
angle1_array = angle1_array * pi/180;
for i = 1:length(angle1_array)
vec_1_x = r*cos(angle1_array(i));
vec_1_z = r*sin(angle1_array(i));
vec_2_x = xs - r*cos(angle1_array(i));
vec_2_z = zs - r*sin(angle1_array(i));
dot_product = vec_1_x * vec_2_x + vec_1_z * vec_2_z;
mag_vec_2 = sqrt(vec_2_x2 + vec_2_z2);
cos_theta2 = dot_product/(mag_vec_2 * r);
theta2 = acos(cos_theta2) ;
% theta3 = 180 - theta2;
%
% sin_theta4 = r/R * sin(theta3 *pi/180);
%
% theta4 = asin(sin_theta4) * 180/pi;
%
% theta5 = 180 - (theta4 + theta3);
%
% theta5 = theta5 * pi/180;
% spec = R * sin(theta5) / sin(theta3 * pi/180);
theta_ﬁnal = theta2 + angle1_array(i); %in rad
m = tan(theta_ﬁnal);
x_comp = [0;0];
z_comp = 0;
x1 = vec_1_x + 0.5;
z1 = vec_1_z + r;
coeﬀ1 = 1;
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coeﬀ2 = 2*m*(z1 - m*x1)/(1+m2);
coeﬀ3 = ((z1 - m*x1)2 - R2) /(1+m2);
p = [coeﬀ1 coeﬀ2 coeﬀ3];
Root = roots(p);
for j = 1:2
if Root(j) < 0
x_comp(j) = Root(j);
end
if x_comp(j) < 0
x_comp(j) = x_comp(j) - 0.5;
z_comp = vec_1_z + m * (x_comp(j) - vec_1_x);
spec = sqrt( (vec_1_x - x_comp(j))2 + (vec_1_z - z_comp)2 );
for counter = 1:9
if ( (x_comp(j) <= xr(counter) + 0.1) && (x_comp(j) >=...
xr(counter) - 0.1) && (z_comp <= zr(counter)...
+ 0.1) && (z_comp >= zr(counter) - 0.1) )
specular(counter) = (mag_vec_2 + spec)/cw;...
%arrival time of specular wave
specular(counter) = specular(counter) - time1(counter);
break;
end
end
end
end
end
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%this part if for the farther end cap
xs = 23; % xs is the x coordinate of the source
zs = 9.8; % zs is the z coordinate of the source
zs = zs - 0.25;
xs = xs + 0.5;
r=0.25;
cw=1530;
%phi = 90;
counter = 1;
for counter = 1:9
xr(counter) = R * sin((theta(counter)) * pi/180); % xr is
%the x coordinate of the...
%receiver
%yr(counter) = R * sin((theta(counter)) * pi/180) * cos(phi * pi/180);
% yr is
%the y coordinate of the...
%receiver
zr(counter) = R * cos((theta(counter)) * pi/180); % zr is the z coordinate of
% the receiver
zr(counter) = zr(counter) - 0.25;
xr(counter) = xr(counter) + 0.5;
time1(counter) = sqrt( (xs-xr(counter))2 + (zs-zr(counter))2 ) /cw ;
% time1(counter) = 0;
%time3(counter) = (sqrt( xs2 + zs2) + sqrt( xr(counter)2 +...
%zr(counter)2 )) / cw - time1(counter);
% time1(counter) = time1(counter) - 0.0005;
end
% CASE 1: angle : 90 degrees to angle1
angle1 = atan(zs/xs) * 180/pi;
dist = sqrt( xs2 + zs2 );
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angle2 = acos(0.25/dist) * 180/pi;
angle = angle1 + angle2;
angle1_array = 90:0.01:angle;
angle1_array = angle1_array * pi/180;
for i = 1:length(angle1_array)
vec_1_x = r*cos(angle1_array(i));
vec_1_z = r*sin(angle1_array(i));
vec_2_x = xs - r*cos(angle1_array(i));
vec_2_z = zs - r*sin(angle1_array(i));
dot_product = vec_1_x * vec_2_x + vec_1_z * vec_2_z;
mag_vec_2 = sqrt(vec_2_x2 + vec_2_z2);
cos_theta2 = dot_product/(mag_vec_2 * r);
theta2 = acos(cos_theta2) ;
% theta3 = 180 - theta2;
%
% sin_theta4 = r/R * sin(theta3 *pi/180);
%
% theta4 = asin(sin_theta4) * 180/pi;
%
% theta5 = 180 - (theta4 + theta3);
%
% theta5 = theta5 * pi/180;
% spec = R * sin(theta5) / sin(theta3 * pi/180);
theta_ﬁnal = 180 - angle1_array(i) - theta2 ; %in rad
m = tan(-theta_ﬁnal);
x_comp = [0;0];
z_comp = 0;
x1 = vec_1_x - 0.5;
z1 = vec_1_z + r;
coeﬀ1 = 1;
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coeﬀ2 = 2*m*(z1 - m*x1)/(1+m2);
coeﬀ3 = ((z1 - m*x1)2 - R2) /(1+m2);
p = [coeﬀ1 coeﬀ2 coeﬀ3];
Root = roots(p);
for j = 1:2
if Root(j) < 0
x_comp(j) = Root(j);
end
if x_comp(j) < 0
x_comp(j) = x_comp(j) + 0.5;
z_comp = vec_1_z + m * (x_comp(j) - vec_1_x);
spec = sqrt( (vec_1_x - x_comp(j))2 + (vec_1_z - z_comp)2 );
for counter = 1:9
if ( (x_comp(j) <= xr(counter) + 0.1) && (x_comp(j) >=...
xr(counter) - 0.1) && (z_comp <= zr(counter)...
+ 0.1) && (z_comp >= zr(counter) - 0.1) ) ...
%Relaxed Error Criteria
specular(counter) = (mag_vec_2 + spec)/cw; ...
%arrival time of specular wave
specular(counter) = specular(counter) - time1(counter);
break;
end
end
end
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end
end
R = 1.92; % radius of the cage,
theta = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
theta = -theta; %forward scattering
xs = 23; % xs is the x coordinate of the source
zs = 9.8; % zs is the z coordinate of the source
r=0.25;
cw=1530;
%phi = 90;
counter = 1;
for counter = 1:9
xr(counter) = R * sin((theta(counter)) * pi/180); % xr is
%the x coordinate of the...
%receiver
%yr(counter) = R * sin((theta(counter)) * pi/180) * cos(phi * pi/180); % yr is
%the y coordinate of the
%receiver
zr(counter) = R * cos((theta(counter)) * pi/180); % zr is the z coordinate of
% the receiver
time1(counter) = sqrt( (xs-xr(counter))2 + (zs-zr(counter))2 ) /cw ;
% time1(counter) = 0;
end
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x = 0.5:-0.001:-0.5;
z(1:length(x)) = 0.5;
for i = 1:length(x)
theta_ﬁnal = atan( (zs-z(i)) / (xs-x(i)) );
mag_vec_2 = sqrt( (xs-x(i))2 + (zs-z(i))2 );
m = tan(-theta_ﬁnal);
x_comp = [0;0];
z_comp = 0;
x1 = x(i);
z1 = z(i);
coeﬀ1 = 1;
coeﬀ2 = 2*m*(z1 - m*x1)/(1+m2);
coeﬀ3 = ((z1 - m*x1)2 - R2) /(1+m2);
p = [coeﬀ1 coeﬀ2 coeﬀ3];
Root = roots(p);
for j = 1:2
if Root(j) < 0
x_comp(j) = Root(j);
end
if x_comp(j) < 0
z_comp = z(i) + m * (x_comp(j) - x(i));
spec = sqrt( (x(i) - x_comp(j))2 + (z(i) - z_comp)2 );
for counter = 1:9
if ( (x_comp(j) <= xr(counter) + 0.1) && (x_comp(j) >=...
xr(counter) - 0.1) && (z_comp <= zr(counter)...
+ 0.1) && (z_comp >= zr(counter) - 0.1) ) ...
%Relaxed Error Criteria, may not be accurate
specular(counter) = (mag_vec_2 + spec)/cw;
%arrival time of specular wave
specular(counter) = specular(counter) - time1(counter);
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break;
end
end
end
end
end
for i = 1:9
if specular(i) = 0
helical_forward(i) = specular(i) + ( 2 * sqrt( 0.252 + 0.252))/cw;
else
helical_forward(i) = sqrt( (xs-0.75)2 + (zs-0.25)2 )/cw + ...
sqrt( (xr(i) + 0.75)2 + (zr(i)-0.25)2 )/cw + ...
( 2 * sqrt( 0.52 + 0.252))/cw -time1(i);
end
end
spec_geom1 = specular;
save Cylinder_Specular_Forwardscattering;
% function [specular_time,count] = Specular(xs,ys,zs,xr,yr,zr,r,cw)
% This code computes the time taken for the bottom reﬂected specular wave ...
%to reach the diﬀerent receivers. It should be noted that for some
%positions of the receivers, there may not be any direct bottom specular
%echo possible
% xs is the x coordinate of the source
% ys is the y coordinate of the source
% zs is the z coordinate of the source
% r is the radius of the target
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% cw is sound speed in water
% bottom_specular is the arrival time for the bottom specular wave
% Author : Deep Ghosh
% Created : 28th Nov, 2007
% Revised :
% Notes :
R = 1.92; % radius of the cage,
cw = 1530;
theta = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
Num = 23*9.8 - R*sin(theta*pi/180)*9.8;
Denom = R*cos(theta*pi/180) + 9.8;
x = Num./Denom;
y = 23 - x - R*sin(theta*pi/180);
dist1 = sqrt(x.2 + 9.82);
dist2 = sqrt(y.2 + (R*cos(theta*pi/180)).2);
travel_time_bottom_backscattering = (dist1 + dist2)/cw;
theta1 = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
%center_x = -0.5;
center_x = -0.5;
center_z = 0.25;
dist5_x = R*sin(theta1*pi/180) - center_x;
dist5_z = R*cos(theta1*pi/180) - center_z;
dist5 = sqrt((dist5_x).2 + (dist5_z).2);
theta3 = (asin(0.25 ./ dist5))*180/pi;
sin_theta6 = (0.25 * sin(theta1*pi/180))./dist5;
theta6 = (asin(sin_theta6)) *180/pi;
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theta4 = 90 - theta1;
theta5 = theta4 - theta3 - theta6;
Num1 = 23*9.8 + R*sin(theta1*pi/180)*9.8;
Denom1 = R*cos(theta1*pi/180) + 9.8;
x1 = Num1./Denom1;
theta6 = (atan(9.8./x1))*180/pi;
y1 = 23 - x1 + R*sin(theta1*pi/180);
dist3 = sqrt(x1.2 + 9.82);
dist4 = sqrt(y1.2 + (R*cos(theta1*pi/180)).2);
count = (theta6 <= theta5);
travel_time_bottom_forwardscattering = ((dist3 + dist4)/cw) .* count;
save Bottom_Specular_Cylinder;
Parameters in the file 'Cylinder.par' needed for OASES analysis
0.25
0.25
1.5
900
1200 0.5
Parameters in the file 'Cylinder_Oast.dat'
Cylinder Oast Input
N P E O
<tsfreq> <tsfreq> 1 <dfreq>
5
0 1530 0 0 0 1.0 0 ! Fluid halfspace above the top interface
0 1530 0 0 0 1.0 0
11.60 1530 0 0 0 1.0 0
12.60 1530 0 0 0 1.0 0
13.10 1650 0 0.5 0.5 1.91 0
3.30
12.6485 12.6485 1 1
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1400 1E8
-1 1 1
0.019 0.029 20 0.001
0.023 4 0 0 0 0 ! Cylinder on seabed
Parameters in the file 'Cylinder_Oast3.dat'
Cylinder Oast3 input
N r d O f
<tsfreq> 0 <dfreq>
5
0 1530 0 0 0 1.0 0 ! fluid halfspace above the top interface
0 1530 0 0 0 1.0 0
11.60 1530 0 0 0 1.0 0
12.60 1530 0 0 0 1.0 0
13.10 1650 0 0.5 0.5 1.91 0
100 40
3.30
12.6485 12.6485 1 1
1400 1E8
-1 1 1 1
0 0.00004 120
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Appendix C
Sample Codes and Input ﬁles for the
GOATS Sphere
File 'Goats_Final.m' is the main matlab file for
processing the GOATS sphere results obtained from
the EVA'06 experiment
[ﬁlename ﬁlep]=uigetﬁle('*.dat','Please select a ﬁle')
str = ﬁlename(4:6);
start_ﬁle = str2num(str);
[ﬁlename1 ﬁlep]=uigetﬁle('*.dat','Please select a ﬁle')
str1 = ﬁlename1(4:6);
end_ﬁle = str2num(str1);
ﬁle_count = 1;
load ﬁlter2 a2;
load Specular_Goats spec_geom;
load Specular_Forward_Goats spec_geom1;
load Bottom_Specular travel_time_bottom_backscattering travel_time_bottom_...
forwardscattering;
load mR8;
angle = -145;
for i = 1:59
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azimuth(i) = angle;
angle = angle + 5;
end
%ﬁle_count_geom = 1;
current_ﬁle = start_ﬁle
while( current_ﬁle >= end_ﬁle)
if current_ﬁle = start_ﬁle
clear;
close all;
clc;
load Goats_Final;
end
if current_ﬁle = start_ﬁle
load Goats_Final dome1 dome2 dome3 dome4 dome5 dome6 dome7 dome8
dome9;
load Goats_Final dome_map1 dome_map2 dome_map3;
end
% Select File To Process
ﬁlename = strcat('Run',num2str(current_ﬁle),'.dat');
ﬁd=fopen(ﬁlename,'r','b');
% Read Header Record
[hr ktrh]=fread(ﬁd,400,'char'); % read header record and strip oﬀ the
%header
hd=char(hr')
% No.of samples per channel are 30,000, 10 Channels are recorded per Ping
nsamp=30000;
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%Plot all 10 Channels for Ping 1
sig1 = zeros(nsamp,296); %sig1 is the two dimensional array for storing the
%data series for all the pings and all the channels
%temp = zeros(22000,1); % temp is for storing the time averaged data series
%for all the pings for one position
%temp1 = zeros(4000,1); % temp1 is for storing the time averaged values for
%all the pings for one position for one hydrophone
%used for plotting the spectrogram
gain = [42,42,40,42,44,47,47,50,56];%gain of diﬀerent hydrophones in dB
ref_gain = mean(gain); %reference gain
gain = ref_gain - gain;
factor = 10.(gain/20);
i = 1;
while(i >= 1)
[sig ktr]=fread(ﬁd,nsamp,'int16') ; % Read Data Record
if ktr =nsamp
disp('Reached end of ﬁle');
%error(['End of ﬁle. Read ' num2str(ktr) ' samples out of '
%num2str(nsamp) ]) change error message to just indicate end of ﬁle
break
end
if (size(sig) = [0,0])
sig1(:,i) = sig(:,1); % converting one dimensional array to two
%dimensional array of course assuming the data
%set consists of sets of 30,000 data points
end
%this part of the code extracts the incident pulse and band pass
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%ﬁlters it
% if i == 1
%
% time_1(:,1) = sig1(:,i);
% time_1 = time_1.';
%
% [inc_1 inc_ﬀt_1] = incident_bandpass(time_1,a2,mR8t);
% time_1 = time_1.';
% elseif i ==2
% time_2(:,1) = sig1(:,i);
% time_2 = time_2.';
%
% [inc_2 inc_ﬀt_2] = incident_bandpass(time_2,a2,mR8t);
% time_2 = time_2.';
% elseif i==3
%
% time_3(:,1) = sig1(:,i);
% time_3 = time_3.';
% [inc_3 inc_ﬀt_3] = incident_bandpass(time_3,a2,mR8t);
% time_3 = time_3.';
% elseif i == 4
%
% time_4(:,1) = sig1(:,i);
% time_4 = time_4.';
% [inc_4 inc_ﬀt_4] = incident_bandpass(time_4,a2,mR8t);
% time_4 = time_4.';
% elseif i ==5
%
% time_5(:,1) = sig1(:,i);
% time_5 = time_5.';
% [inc_5 inc_ﬀt_5] = incident_bandpass(time_5,a2,mR8t);
% time_5 = time_5.';
% elseif i == 6
%
% time_6(:,1) = sig1(:,i);
% time_6 = time_6.';
% [inc_6 inc_ﬀt_6] = incident_bandpass(time_6,a2,mR8t);
% time_6 = time_6.';
% elseif i == 27
%
% time_7(:,1) = sig1(:,i);
% time_7 = time_7.';
% [inc_7 inc_ﬀt_7] = incident_bandpass(time_7,a2,mR8t);
% time_7 = time_7.';
454
% elseif i == 28
%
% time_8(:,1) = sig1(:,i);
% time_8 = time_8.';
% [inc_8 inc_ﬀt_8] = incident_bandpass(time_8,a2,mR8t);
% time_8 = time_8.';
% elseif i == 9
%
% time_9(:,1) = sig1(:,i);
% time_9 = time_9.';
% [inc_9 inc_ﬀt_9] = incident_bandpass(time_9,a2,mR8t);
% time_9 = time_9.';
% end
%sig=sig.*5/2048;
% ﬁgure(i);
% plot(sig);
% axis([0 30000 -2048 2048])
% xlabel('Samples');
% ylabel('A/D Units')
i = i + 1;
end
Num_readings = i - 1; %Num-readings is the total number of readings per run
% the next segment does the time averaging of the signals after extracting
% the portion of the signal corresponding to the scattered signal
R = 1.92; % radius of the cage,
theta = [10,18.3,26.6,34.9,43.2,51.5,59.8,68.1,76.4]; % theta
% is the vertical angle corresponding to the posititon of the
% receivers
%theta = [13.6,21.94,30.28,38.62,46.96,55.3,63.64,71.98,80.32];
%phi = azimuth(ﬁle_count); % phi is the azimuthal angle in degrees i.e,
%cage position
% corresponding to Run89
% x axis is from the center of the cage perpendicular to the rail and y
% axis is towards the direction corresponding to the zero degrees
% orientation of the receiver array. The origin is at the center of the
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% cage and the objects are taken to be point objects for convenience.
phi = 90;
xs = 26.9; % xs is the x coordinate of the source
ys = 0; % ys is the y coordinate of the source
zs = 4.75; % zs is the z coordinate of the source
Rt = 0.53; % Rt is the radius of the target
cw = 1530; %sound speed in water
cs = 1650; %sound speed in sediment
dist1 = sqrt( xs * xs + ys * ys + (zs)2);%sqrt gives positive square root
counter = 1;
str3 = strcat('Run_',num2str(current_ﬁle));
mkdir(str3);
while( counter <= 9 )
if counter = 5 && counter = 7 && counter = 9
[y,M] = max(sig1(:,counter)); % max is for the location of the incident
% ﬁeld
start(counter) = M + 1;
N(counter) = M; % The array N contains the maximum value of the data
% series recorded by each hydrophone
l = 1; % l is the number of time averaged samples
for k = start(counter) : 1 : 30000
n = 1;
sum = 0;
for count = counter : 10 : Num_readings %there are actually 10
%channels but the 10th
%channel is inactive and
%hence counter runs from
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%1 to 9
sum = sum + sig1(k,count);
n = n + 1;
end
temp(l)= sum/(n-1);
l = l + 1;
end
l = l - 1;
temp(1,:) = temp(1,:) * factor(counter);
%temp1(:) = temp(:);
% this section of the code calculates the time delay between the incident
% and specular(counter) echo by making use of the geometry of the cage and
% does the half Hanning to reduce the contribution from the samples close
%to the incident wave
xr = R * sin((theta(counter)) * pi/180) * sin(phi * pi/180); % xr is
%the x coordinate of the re-
ceiver
yr = R * sin((theta(counter)) * pi/180) * cos(phi * pi/180); % yr is
%the y coordinate of the re-
ceiver
zr = R * cos((theta(counter)) * pi/180); % zr is the z coordinate of
% the receiver
x1 = xs - xr;
y1 = ys - yr;
z1 = zs - zr;
%[specular_time,specular_count] = Specular(xs,ys,zs,xr,yr,zr,Rt,cw)
if phi == -90
travel_time_counterclock = Goats_geom_forward_counterclock(xs,...
ys,zs,xr,yr,zr,Rt,cw,cs);
travel_time_clock = Goats_geom_forward_clock(xs,ys,zs,xr,yr,...
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zr,Rt,cw,cs);
time3 = travel_time_clock;
time4 = travel_time_counterclock;
sample3(counter) = time3 * 500000; % sample3 is the sample no.
%where we expect to see the ﬁrst clockwise circumferential wave
%theoretically
sample3(counter) = ceil(sample3(counter));
sample4(counter) = time4 * 500000; % sample4 is the sample no.
where
%we expect to see the ﬁrst
%counterclockwise circumferential
%wave theoretically
sample4(counter) = ceil(sample4(counter));
time2 = spec_geom1(counter);
sample2(counter) = time2 * 500000; % sample2 is the sample no.
where
%we expect to see the specular echo
%theoretically
sample2(counter) = ceil(sample2(counter));
end
if phi == 90
[travel_time_clock travel_time_counterclock] = geom_source......
(xs,ys,zs,Rt,cw,cs);
[travel_time_clock1 travel_time_counterclock1] = geom_receiver......
(xr,yr,zr,Rt,cw,cs);
time3 = travel_time_clock + travel_time_clock1;
time4 = travel_time_counterclock + travel_time_counterclock1;
sample3(counter) = time3 * 500000; % sample3 is the sample no.
where
%we expect to see the ﬁrst clockwise
%circumferential wave theoretically
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sample3(counter) = ceil(sample3(counter));
sample4(counter) = time4 * 500000; % sample4 is the sample no.
where
%we expect to see the ﬁrst
%counterclockwise circumferential
%wave theoretically
sample4(counter) = ceil(sample4(counter));
time2 = spec_geom(counter);
sample2(counter) = time2 * 500000; % sample2 is the sample no.
where
%we expect to see the specular echo
%theoretically
sample2(counter) = ceil(sample2(counter));
end
dist2 = sqrt( xr * xr + yr * yr + (zr)2);
dist3 = sqrt( x1 * x1 + y1 * y1 + z1 * z1);
time1 = dist3/cw; % time1 is the time taken by the incident ﬁeld to
%reach theoretically ;
sample1(counter) = time1 * 500000; % sample1 is the sample no.
% where we expect to see the inci-
dent
%ﬁeld theoretically
sample1(counter) = ceil(sample1(counter));
if phi == 90
travel_time_bottom_backscattering(counter) = travel_time_bottom_...
backscattering(counter) - time1;
end
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if phi == -90
travel_time_bottom_forwardscattering(counter) = travel_time_bottom_...
forwardscattering(counter) - time1;
end
if phi == -90 || phi == 90
position1(counter) = sample3(counter) - sample1(counter);
position2(counter) = sample4(counter) - sample1(counter);
position(counter) = sample2(counter) - sample1(counter);
end
if phi == -90 || phi == 90
clock(counter) = position1(counter) %- 99; %clock should be the
%location of the
%clockwise wave in
%the time averaged
%data series after
%the incident ﬁeld
%sample number
counter_clock(counter) = position2(counter)% - 99;
%counter_clock should be the
%location of the counter-
%clockwise wave in the time
%averaged data series after
%the incident ﬁeld sample
%number
end
temp1 = temp(1:10000);
range = 500;
for k = 1 : 1 : (range + 1)
arg =( (k - 1) /range) * pi;
460
temp1(k) = temp1(k) * 0.5 * ( 1 - cos(arg) ); %half Hanning to
% reduce the
% contribution of
% samples close to
% the incident ﬁeld
end
end_hanning_start = 10000 - range;
for k = end_hanning_start:1:10000
arg =( (10000-k) /range) * pi;
temp1(k) = temp1(k) * 0.5 * ( 1 - cos(arg) ); %half Hanning to
% reduce the
% contribution of
% samples close to
% the end
end
x_axis = (1:length(temp1))/500000;
temp10 = temp1;
%temp11 = [Num zeros(1,length(temp1)-1)];%temp2 is a row vector
temp11 = a2;
temp12 = conv(temp10,temp11); %scattered signal convoluted with the
%ﬁlter
x_axis1 = (1:length(temp12))/500000;
temp17 = temp12;
% inc_1 = [inc_1 zeros(1,length(temp17)-length(inc_1))];
%
% if counter == 1
% temp18 = xcorr(temp17,inc_1,'biased');
%
% elseif counter == 2
% temp18 = xcorr(temp17,inc_1,'biased');
%
% elseif counter == 3
% temp18 = xcorr(temp17,inc_1,'biased');
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%
% elseif counter == 4
% temp18 = xcorr(temp17,inc_1,'biased');
%
% elseif counter == 5
% temp18 = xcorr(temp17,inc_1,'biased');
%
% elseif counter == 6
% temp18 = xcorr(temp17,inc_1,'biased');
%
% elseif counter == 7
% temp18 = xcorr(temp17,inc_1,'biased');
%
% elseif counter == 8
% temp18 = xcorr(temp17,inc_1,'biased');
%
% elseif counter == 9
% temp18 = xcorr(temp17,inc_1,'biased');
%
% end
%
% %
% temp17 = temp18(11089:21088);
x_axis1 = (1:length(temp17))/500000;
ﬁgure
if phi == -90 || phi == 90
specular_time_plot(counter) = (position(counter) ) / 500000,...
+ 0.0003; % 0.3 milliseconds is the maximum group delay for the
%Butterworth ﬁlter considered
clock_time(counter) = (position1(counter) ) / 500000 + 0.0003;
counter_clock_time(counter) = (position2(counter) ) / 500000,...
+ 0.0003;
travel_time_bottom_backscattering(counter) = travel_time_...
bottom_backscattering(counter) + 0.0003;
travel_time_bottom_forwardscattering(counter) = travel_...
time_bottom_forwardscattering(counter) + 0.0003;
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if phi == 90
if counter == 1
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time...
(counter)...
+ 0.0006;
elseif counter == 2
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time...
(counter)...
+ 0.0006;
elseif counter == 3
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time...
(counter) + 0.0006;
elseif counter == 4
clock_time(counter) = clock_time(counter) + 0.0008;
counter_clock_time(counter) = counter_clock_time...
(counter)+ 0.0008;
elseif counter == 6
clock_time(counter) = clock_time(counter) + 0.0007;
counter_clock_time(counter) = counter_clock_time...
(counter)+ 0.0007;
elseif counter == 8
clock_time(counter) = clock_time(counter) + 0.0007;
counter_clock_time(counter) = counter_clock_time...
(counter)+ 0.0007;
end
%
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end
if phi == -90
if counter == 1
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time...
(counter)+ 0.0006;
elseif counter == 2
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time...
(counter) + 0.0006;
elseif counter == 3
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time...
(counter) + 0.0006;
elseif counter == 4
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time...
(counter) + 0.0006;
elseif counter == 6
specular_time_plot(counter) = specular_time_plot...
(counter)+ 0.0006;
travel_time_bottom_forwardscattering(counter) = travel_...
time_bottom_forwardscattering(counter) ;
clock_time(counter) = clock_time(counter) + 0.0010;
counter_clock_time(counter) = counter_clock_time...
(counter)+ 0.0010;
elseif counter == 8
clock_time(counter) = clock_time(counter) + 0.0008;
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counter_clock_time(counter) = counter_clock_time...
(counter)+ 0.0008;
end
end
time_c(counter) = clock_time(counter);
time_cc(counter) = counter_clock_time(counter);
if phi == -90
if counter <= 4
h = plot([travel_time_bottom_forwardscattering(counter),...
travel_time_bottom_forwardscattering(counter)],...
[min(temp17), max(temp17)],'m','LineWidth',2);
hold on;
plot([specular_time_plot(counter),specular_time_...
plot(counter)], [min(temp17), max(temp17)],'g',...
'LineWidth',2);
hold on;
elseif counter > 4 && counter <= 7
h = plot([travel_time_bottom_forwardscattering(counter),...
travel_time_bottom_forwardscattering(counter)],...
[min(temp17), max(temp17)],'m','LineWidth',2);
hold on;
plot([specular_time_plot(counter),specular_time_...
plot(counter)], [min(temp17), max(temp17)],'g',...
'LineWidth',2);
hold on;
end
elseif phi == 90
h = plot([travel_time_bottom_backscattering(counter),...
travel_time_bottom_backscattering(counter)],...
[min(temp17), max(temp17)],'m','LineWidth',2);
hold on;
plot([specular_time_plot(counter),specular_time_...
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plot(counter)], [min(temp17), max(temp17)],'g',...
'LineWidth',2);
hold on;
end
plot([counter_clock_time(counter),counter_clock_time(counter)], ...
[min(temp17), max(temp17)],'b','LineWidth',2);
hold on;
counter_clock_time(counter) = counter_clock_time(counter) +
...
( (pi * Rt)/cw + (pi * Rt)/cs );
plot([clock_time(counter),clock_time(counter)], [min(temp17),...
max(temp17)],'r','LineWidth',2);
hold on
clock_time(counter) = clock_time(counter) + ( (pi * Rt)/cw +...
(pi * Rt)/cs );
if phi == 90
legend('Bottom Specular','Specular Echo','A_0',...
' Counterclockwise Wave','A_0 Clockwise Wave');
elseif phi == -90
if counter <= 4
legend('Bottom Specular','Specular Echo','A_0',...
' Counterclockwise Wave',' A_0 Clockwise Wave');
elseif counter > 4 && counter <=7
legend('Bottom Specular','Specular Echo',' A_0',...
' Counterclockwise Wave',' A_0 Clockwise Wave');
else
legend('A_0 Counterclockwise Wave','A_0 Clockwise Wave');
end
end
% clock_counter = 1;
466
while(clock_time(counter) <= 0.02)
plot([clock_time(counter),clock_time(counter)],...
[min(temp17), max(temp17)],'r','LineWidth',2);
hold on
clock_time(counter) = clock_time(counter) + ...
( (pi * Rt)/cw + (pi * Rt)/cs );
% clock_counter = clock_counter + 1;
end
% counter_clock_counter = 1;
while(counter_clock_time(counter) <= 0.02)
plot([counter_clock_time(counter),counter_clock_...
time(counter)], ...
[min(temp17), max(temp17)],'b','LineWidth',2);
hold on
% counter_clock(counter,ﬁle_count_geom,counter_...
%clock_counter+1) = counter_clock(counter,ﬁle_count_geom,counter_clock_counter)
+ ...
% ( (pi * Rt)/cw + (pi * Rt)/cw ) * 500000;
counter_clock_time(counter) = counter_clock_...
time(counter) + ...
( (pi * Rt)/cw + (pi * Rt)/cs );
% counter_clock_counter = counter_clock_counter + 1;
end
end
plot(x_axis1,temp17,'k');
h=title(['ping to ping aligned and averaged time series plot after',...
' bandpass ﬁltering and xcorring and dividing by the source spectrum'...
' for channel', num2str(counter)]);
%legend(h,'Specular Echo','First A_0 Counterclock wave','First
%A_0 Clock Wave');
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set(h,'Fontsize',16);
h=xlabel('Time (millisec)'); set(h,'Fontsize',16);
set(gca,'XTickLabel',[0 2 4 6 8 10 12 14 16 18 20]);
h=ylabel('Amplitude (A/D) Units'); set(h,'Fontsize',16);
hold oﬀ;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter-1),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ',str3, '/ﬁgure',num2str(2*counter-1),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter-1),'.eps'];
system(cmd);
ﬁgure
% hold on
%
%
% plot([specular(counter),specular(counter)], [min(temp), max(temp)],'g');
if phi == -90 || phi == 90
specular_time_plot(counter) = (position(counter) ) / 500000.....
+ 0.0003;
clock_time(counter) = (position1(counter) ) / 500000 +...
0.0003 ;
counter_clock_time(counter) = (position2(counter) ) / 500000 +...
0.0003;
if phi == 90
if counter == 1
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clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time(counter)...
+ 0.0006;
elseif counter == 2
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time(counter)...
+ 0.0006;
elseif counter == 3
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time(counter)...
+ 0.0006;
elseif counter == 4
clock_time(counter) = clock_time(counter) + 0.0008;
counter_clock_time(counter) = counter_clock_time(counter)...
+ 0.0008;
elseif counter == 6
clock_time(counter) = clock_time(counter) + 0.0007;
counter_clock_time(counter) = counter_clock_time(counter)...
+ 0.0007;
elseif counter == 8
clock_time(counter) = clock_time(counter) + 0.0007;
counter_clock_time(counter) = counter_clock_time(counter)...
+ 0.0007;
%
end
end
if phi == -90
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if counter == 1
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time...
(counter)+ 0.0006;
elseif counter == 2
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time...
(counter)+ 0.0006;
elseif counter == 3
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time(counter)...
+ 0.0006;
elseif counter == 4
clock_time(counter) = clock_time(counter) + 0.0006;
counter_clock_time(counter) = counter_clock_time(counter)...
+ 0.0006;
elseif counter == 6
specular_time_plot(counter) = specular_time_plot...
(counter) + 0.0006;
travel_time_bottom_forwardscattering(counter) = travel_...
time_bottom_forwardscattering(counter);
clock_time(counter) = clock_time(counter) + 0.0010;
counter_clock_time(counter) = counter_clock_time...
(counter) + 0.0010;
elseif counter == 8
clock_time(counter) = clock_time(counter) + 0.0008;
counter_clock_time(counter) = counter_clock_time(counter)...
+ 0.0008;
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end
end
% ﬁgure
if phi == -90
if counter <= 4
h = plot([travel_time_bottom_forwardscattering(counter),...
travel_time_bottom_forwardscattering(counter)],...
[0,50000],...
'm','LineWidth',2);
hold on;
plot([specular_time_plot(counter),specular_time_...
plot(counter)], [0,50000],'g','LineWidth',2);
hold on;
elseif counter > 4 && counter <= 7
h = plot([travel_time_bottom_forwardscattering(counter),...
travel_time_bottom_forwardscattering(counter)], ...
[0,50000],'m','LineWidth',2);
hold on;
plot([specular_time_plot(counter),specular_time_...
plot(counter)], [0,50000],'g','LineWidth',2);
hold on;
end
elseif phi == 90
h = plot([travel_time_bottom_backscattering(counter),...
travel_time_bottom_backscattering(counter)], ...
[0,50000],'m','LineWidth',2);
hold on;
plot([specular_time_plot(counter),specular_time_...
plot(counter)],...
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[0,50000],'g','LineWidth',2);
hold on;
end
plot([counter_clock_time(counter),counter_clock_time(counter)], ...
[0,50000],'b','LineWidth',2);
hold on;
counter_clock_time(counter) = counter_clock_time(counter) + ...
( (pi * Rt)/cw + (pi * Rt)/cs );
plot([clock_time(counter),clock_time(counter)], [0,50000],'r',...
'LineWidth',2);
hold on;
clock_time(counter) = clock_time(counter) + ( (pi * Rt)/cw + ...
(pi * Rt)/cs );
if phi == 90
legend('Bottom Specular','Specular Echo','A_0',...
' Counterclockwise Wave','A_0 Clockwise Wave');
elseif phi == -90
if counter <= 4
legend('Bottom Specular','Specular Echo','A_0',...
' Counterclockwise Wave','A_0 Clockwise Wave');
elseif counter > 4 && counter <=7
legend('Bottom Specular','Specular Echo','A_0',...
' Counterclockwise Wave','A_0 Clockwise Wave');
else
legend('A_0 Counterclockwise Wave','A_0 Clockwise Wave');
end
end
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%clock_counter_time = 1;
while(clock_time(counter) <= 0.02)
plot([clock_time(counter),clock_time(counter)],...
[0,50000],'r','LineWidth',2);
hold on
clock_time(counter) = clock_time(counter) + ...
( (pi * Rt)/cw + (pi * Rt)/cs );
% clock_counter_time = clock_counter_time + 1;
end
%cclock_counter_time = 1;
while(counter_clock_time(counter) <= 0.02)
plot([counter_clock_time(counter),counter_clock_...
time(counter)], ...
[0,50000],'b','LineWidth',2);
hold on
counter_clock_time(counter) = counter_clock_time...
(counter) + ...
( (pi * Rt)/cw + (pi * Rt)/cs );
%cclock_counter_time = cclock_counter_time + 1;
end
end
%temp1 = temp(1:10000);
temp2 = downsample(temp17,5);
%ﬁgure %comment this
spectrogram(temp2,50,40,2048,100000,'yaxis');
h = title(['Spectrogram plot in dB for channel', num2str(counter)]);
axis([0 0.02 0 10000]);
caxis([-70 0]);
set(h,'Fontsize',16);
h=xlabel('Time (millisec)'); set(h,'Fontsize',16);
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set(gca,'XTickLabel',[0 2 4 6 8 10 12 14 16 18 20]);
h=ylabel('Frequency (Hz)'); set(h,'Fontsize',16);
%set(gca,'YTickLabel',[0 5 10 15 20 25]);
h1 = colorbar;
% h1 = ylabel('dB');
hold on;
%spectrogram(temp2,50,40,2048,100000,'yaxis');
hold oﬀ;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ' ,str3, '/ﬁgure',num2str(2*counter),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter),'.eps'];
system(cmd);
%hold oﬀ ; % comment oﬀ this line
[S,F,T] = spectrogram(temp2,50,40,2048,100000);
% S1 = 10.( abs(S)/ 20);
% S1 = 20 * log10(abs(S));% converting the dB value of magnitude of short
% %time Fourier transform into square of the
% %absolute value
Avg1 = abs( mean( S(1:411,1:148) ) );
% calculates the absolute value of the average across
%frequency upto 20 kHz and time upto 0.015 sec.
Avg = 20 * log10(Avg1); % the average values in dB
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S2 = abs( S(104,1:148) ).2;
mean_S2 = mean(S2);
dB_S2(1,counter) = 10 *log10(mean_S2); %dB_S2 is the average inten-
sity in
%dB at 5,000 Hz, the average being taken
over
%the ﬁrst 148 samples and is used for dome
% mapping
if counter == 1
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome1);
size1 = size1 + 1;
end
dome1(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome1,counter,T);
end
%save Elba.dat dome1 -ascii ;
elseif counter == 2
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome2);
size1 = size1 + 1;
end
dome2(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome2,counter,T);
end
%save Elba.dat dome2 -ascii ;
elseif counter == 3
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome3);
size1 = size1 + 1;
end
dome3(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome3,counter,T);
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end
%save Elba.dat dome3 -ascii ;
elseif counter == 4
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome4);
size1 = size1 + 1;
end
dome4(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome4,counter,T);
end
%save Elba.dat dome4 -ascii ;
elseif counter == 5
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome5);
size1 = size1 + 1;
end
dome5(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome5,counter,T);
end
%save Elba.dat dome5 -ascii ;
elseif counter == 6
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome6);
size1 = size1 + 1;
end
dome6(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome6,counter,T);
end
%save Elba.dat dome6 -ascii ;
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elseif counter == 7
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome7);
size1 = size1 + 1;
end
dome7(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome7,counter,T);
end
%save Elba.dat dome7 -ascii ;
elseif counter == 8
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome8);
size1 = size1 + 1;
end
dome8(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome8,counter,T);
end
%save Elba.dat dome8 -ascii ;
else
if current_ﬁle == start_ﬁle
size1 = 1;
else
[size1 size2] = size(dome9);
size1 = size1 + 1;
end
dome9(size1,:) = Avg(1:148);
if size1 == 59
decipher_arrival(dome9,counter,T);
end
%save Elba.dat dome9 -ascii ;
end
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end
counter = counter + 1;
end
dome10 = zeros(6,148);
dB_S2 = [dB_S2(1),dB_S2(2),dB_S2(3),dB_S2(4),dB_S2(6),dB_S2(8)];
if current_ﬁle == start_ﬁle
size3 = 1;
else
[size3 size4] = size(dome_map1);
size3 = size3 + 1;
end
theta = [10,18.3,26.6,34.9,51.5,68.1];
dome_map1(size3,:) = dB_S2(1,:);% for mapping dome at frequency 5,000 Hz
if size3 == 59
dome_plot(dome_map1,theta);
end
theta = [10,18.3,26.6,34.9,51.5,68.1];
dome10 = [dome1(size1,:); dome2(size1,:); dome3(size1,:); dome4(size1,:);...
dome6(size1,:);dome8(size1,:)];
Time = zeros(1,148);
Time(1,:) = T(1:148)*1000;
ﬁgure('position',[100 100 1200 900]);
%h = pcolor(Time,theta,dome10);
surf(Time,theta,dome10,'EdgeColor','none');
view([0 90]);
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shading('ﬂat');colormap('jet');
h=title(['Frequency averaged magnitude of short time Fourier Transform in',...
' dB plotted as a function of vertical angle and discrete time',...
' steps']) ;
set(h,'Fontsize',16);
h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
h=ylabel('Vertical angle(deg)'); set(h,'Fontsize',16);
colorbar;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter-1),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ' ,str3, '/ﬁgure',num2str(2*counter-1),'.jpg'];
system(cmd);
saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter-1),'.eps'];
system(cmd);
r = Time';
theta1(1,:) = (pi / 180) * theta(1,:);
X = r * sin(theta1);
Y = r * cos(theta1);
X = X';
Y = Y';
theta2 = [0:pi/100:pi/2];
ﬁgure
plot(1*cos(theta2),1*sin(theta2),'-r');
hold on;
plot(3*cos(theta2),3*sin(theta2),'-r');
hold on;
plot(5*cos(theta2),5*sin(theta2),'-r');
hold on;
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plot(7*cos(theta2),7*sin(theta2),'-r');
hold on;
plot(9*cos(theta2),9*sin(theta2),'-r');
hold on;
plot(11*cos(theta2),11*sin(theta2),'-r');
hold on;
plot(13*cos(theta2),13*sin(theta2),'-r');
hold on;
surf(X,Y,dome10,'EdgeColor','none');
view([0 90]);
shading('ﬂat');colormap('jet');
axis equal tight;
text(1*cos(45*pi/180),1*sin(45*pi/180),'1 ms','Fontsize',14);
text(3*cos(45*pi/180),3*sin(45*pi/180),'3 ms','Fontsize',14);
text(5*cos(45*pi/180),5*sin(45*pi/180),'5 ms','Fontsize',14);
text(7*cos(45*pi/180),7*sin(45*pi/180),'7 ms','Fontsize',14);
text(9*cos(45*pi/180),9*sin(45*pi/180),'9 ms','Fontsize',14);
text(11*cos(45*pi/180),11*sin(45*pi/180),'11 ms','Fontsize',14);
text(13*cos(45*pi/180),13*sin(45*pi/180),'13 ms','Fontsize',14);
h=title(['Polar Plot of Frequency averaged magnitude of short time Fourier',...
' Transform in dB plotted as a function of vertical angle with',...
' discrete time steps being the radial function']);
set(h,'Fontsize',16);
h=xlabel('Time(millisec)'); set(h,'Fontsize',16);
h=ylabel('Time(millisec)'); set(h,'Fontsize',16);
colorbar;
saveas(h,'ﬁgure');
cmd = ['mv ﬁgure.ﬁg ' ,str3, '/ﬁgure',num2str(2*counter),'.ﬁg'];
system(cmd);
saveas(h,'ﬁgure.jpg');
cmd = ['mv ﬁgure.jpg ' ,str3, '/ﬁgure',num2str(2*counter),'.jpg'];
system(cmd);
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saveas(h,'ﬁgure.eps');
cmd = ['mv ﬁgure.eps ' ,str3, '/ﬁgure',num2str(2*counter),'.eps'];
system(cmd);
ﬁle_count = ﬁle_count + 1;
current_ﬁle = current_ﬁle - 1;
save Goats_Final;
end
Code for computing the travel time of Counterclockwise
Lamb wave in the forward scattering configuration
function [travel_time_counterclock] = Goats_geom_forward_counterclock......
(xs,ys,zs,xr,yr,zr,Rt,cw,cs)
% this code computes the travel time for the counterclockwise wave
% xs is the x coordinate of the source
% ys is the y coordinate of the source
% zs is the z coordinate of the source
% Rt is the radius of the target
% cw is sound speed in water
% cs is sound speed in sediment
% 'travel_time_counterclock' is the time taken by the counterclockwise A0 wave
% Author : Deep Ghosh
% Created : 1st Jan, 2008
% Revised :
% Notes :
%k1 = cs/cw;
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k1 = cw/cs;
dist1 = sqrt( xs * xs + ys * ys + zs * zs);%sqrt gives positive square root
v = sqrt( dist1 * dist1 - Rt * Rt);
length1 = sqrt(dist1 * dist1 - Rt * Rt); %length1 is the length of the
%tangent from the Topas
angle1 = atan( (length1) / Rt) * 180/pi;%twice of angle1 is the angle
%included by the radii of the
%tangent lengths
angle2 = atan(zs/xs) * 180/pi; % angle2 is the elevation angle of the
%source
angle3 = 180 - (angle1 + angle2);
angle4 = 2 * angle1;
angle5 = 360 - (angle3 + angle4);
% t1 = (angle3/360) * (2 * pi * Rt) / cw; % t1 is the time taken to go around
% %the target in water for the
% %counterclockwise wave
%
% travel_time_counterclock = (v/cw) + t1;
if angle5 <= 180
% Emanation point of the counterclockwise wave is below the seabed
coeﬀ1 = -2 * xs;
coeﬀ2 = ( k1 * k1 * zs * zs + k1 * k1 * xs * xs - Rt * Rt * k1 * k1...
+ 1) / ( k1 * k1);
coeﬀ3 = ( -2 * xs * zs * zs * k1 * k1 - xs) / ( k1 * k1);
coeﬀ4 = xs * xs * zs * zs - Rt * Rt * zs * zs;
p = [ 1 coeﬀ1 coeﬀ2 coeﬀ3 coeﬀ4];
r = roots(p);
count = 1;
for s = 1 : 4
if r(s) < xs && isreal (r(s))
x1(count) = r(s); % x1 is the x coord. on the seabed where
482
% the counterclockwise wave undergoes
%refraction
count = count + 1;
end
end
count = count - 1;
if count > 1
disp(['error in Goats_geom_forward_counterclock.m as it gives two points
on the ',....
'seabed where the counterclockwise wave can emanate']);
return
end
x2 = xs - x1;
if x2 >= Rt
v1 = sqrt( x1 * x1 + zs * zs); % v1 is the travel distance in Water
v2 = sqrt( x2 * x2 - Rt * Rt); % v2 is the travel distance in seabed
angle6 = atan(v2/Rt) * 180/pi;
angle7 = 180 - angle6;
t2 = (angle7/360) * (2 * pi * Rt) / cs; % t2 is the time taken to go
%around the target in sediment
%for the counterclockwise wave
travel_time_counterclock1 = v1/cw + v2/cs + t2;
else
v1 = sqrt( x1 * x1 + zr * zr); % v1 is the travel distance in Water
travel_time_counterclock1 = v1/cw + (pi * Rt)/cs;
end
else
% Emanation point of the counterclockwise wave is above the seabed
v1 = sqrt( dist1 * dist1 - Rt * Rt);
angle8 = atan(v1/Rt) * 180/pi;
angle9 = angle2;
angle10 = angle9 - angle8;
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t3 = (angle10/360) * (2 * pi * Rt) / cw; % t3 is the time taken to go
%round the target in water
%for the counterclockwise wave
t4 = (pi * rt) / cs; % t4 is the time taken to go round the
% target in sediment for the
% counterclockwise wave
travel_time_counterclock1 = v1/cw + t3 + t4;
end
if xr <=0
xr = -xr;
end
if yr <=0
yr = -yr;
end
if zr <=0
zr = -zr;
end
dist11 = sqrt( xr * xr + yr * yr + zr * zr);%sqrt gives positive square root
v11 = sqrt( dist11 * dist11 - Rt * Rt);
length11 = sqrt(dist11 * dist11 - Rt * Rt); %length1 is the length of the
%tangent from the Receiver
angle11 = atan( (length11) / Rt) * 180/pi;%twice of angle1 is the angle
%included by the radii of the
%tangent lengths
angle12 = atan(zr/xr) * 180/pi; % angle2 is the elevation angle of the
% source
angle13 = 180 - (angle11 + angle12);
angle14 = 2 * angle11;
angle15 = 360 - (angle13 + angle14);
% t1 = (angle3/360) * (2 * pi * Rt) / cw; % t1 is the time taken to go
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% % around the target in water for
% % the counterclockwise wave
%
% travel_time_counterclock1 = (v/cw) + t1;
if angle15 <= 180
% Emanation point of the counterclockwise wave is below the seabed
coeﬀ11 = -2 * xr;
coeﬀ12 = ( k1 * k1 * zr * zr + k1 * k1 * xr * xr - Rt * Rt * k1 * k1...
+ 1) / ( k1 * k1);
coeﬀ13 = ( -2 * xr * zr * zr * k1 * k1 - xr) / ( k1 * k1);
coeﬀ14 = xr * xr * zr * zr - Rt * Rt * zr * zr;
p1 = [ 1 coeﬀ11 coeﬀ12 coeﬀ13 coeﬀ14];
r1 = roots(p1);
count = 1;
for s = 1 : 4
if r1(s) < xr && isreal (r1(s))
x11(count) = r1(s); % x1 is the x coord on the seabed where
% the counterclockwise wave undergoes
%refraction
count = count + 1;
end
end
count = count - 1;
if count > 1
disp(['error in Goats_geom_forward_counterclock.m as it gives two points
on the ',....
'seabed where the counterclockwise wave can emanate']);
return
end
x12 = xr - x11;
if x12 >= Rt
v11 = sqrt( x11 * x11 + zr * zr); % v1 is the travel distance in Water
v12 = sqrt( x12 * x12 - Rt * Rt); % v2 is the travel distance in seabed
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angle16 = atan(v12/Rt) * 180/pi;
t12 = (angle16/360) * (2 * pi * Rt) / cs; % t2 is the time taken to go
%around the target in sediment
%for counterclockwise wave
travel_time_counterclock = travel_time_counterclock1 + v11/cw + v12/cs
- t12;
else
v11 = sqrt( x11 * x11 + zr * zr); % v1 is the travel distance in Water
travel_time_counterclock = v11/cw + travel_time_counterclock1;
end
else
% Emanation point of the counterclockwise wave is above the seabed
v11 = sqrt( dist11 * dist11 - Rt * Rt);
angle18 = atan(v11/Rt) * 180/pi;
angle19 = angle12;
angle20 = angle19 - angle18;
t13 = (angle20/360) * (2 * pi * Rt) / cw; % t3 is the time taken to go
%round the target in water
%for counterclockwise wave
travel_time_counterclock = v11/cw + t13 + travel_time_counterclock1;
end
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Code for computing the travel time of Clockwise Lamb
wave in the forward scattering configuration
function [travel_time_clock] = Goats_geom_forward_clock(xs,ys,zs,xr,yr,zr,r,cw,cs)
% This code computes the time taken by the clockwise wave to reach the
% receiver
% xs is the x coordinate of the source
% ys is the y coordinate of the source
% zs is the z coordinate of the source
% r is the radius of the target
% cw is sound speed in water
% cs is the sound speed in sediment
%travel_time_clock is the time taken by the clockwise wave to reach the
%receiver
% Author : Deep Ghosh
% Created : 28th Nov, 2007
% Revised :
% Notes :
l1 = sqrt(xs2 + ys2 + (zs)2);
l2 = sqrt(xr2 + yr2 + (zr)2);
l3 = sqrt( (xs-xr)2 + (ys-yr)2 + (zs-zr)2 );
x1 = sqrt(l12-r2);
x2 = sqrt(l22-r2);
angle1 = atan(x1/r) * 180/pi;
angle2 = atan(x2/r) * 180/pi;
cos_angle3 = (l12 + l22 - l32)/(2*l1*l2);
angle3 = acos(cos_angle3) * 180/pi;
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if angle1 >= angle3 - angle2
clock_angle = 360 - (angle1 - (angle3 - angle2) );
travel_time_clock = ( x1 + x2 + (clock_angle/360) *2*pi*r) /cw -...
pi*r/cw + pi*r/cs;
else
clock_angle = angle3 - angle1 - angle2;
travel_time_clock = ( x1 + x2 + (clock_angle/360) *2*pi*r) /cw ;
end
%counter_clock_angle = 360 - (angle1 + angle2 + angle3);
%travel_time_counterclock = ( x1 + x2 + (counter_clock_angle/360) *2*pi*r) /cw;
return
Codes for computing the travel times of Lamb waves
in the back scattering configuration
function [travel_time_clock travel_time_counterclock] = geom_source......
(xs,ys,zs,Rt,cw,cs)
% this code computes the time taken for the start of propagation of the
% clockwise and counterclockwise waves and the time taken to travel in the
% ﬁrst medium before undergoing refraction
% xs is the x coordinate of the source
% ys is the y coordinate of the source
% zs is the z coordinate of the source
% Rt is the radius of the target
% cw is sound speed in water
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% cs is sound speed in sediment
% 'travel_time_clock' is the time taken by the clockwise A0 wave to emanate
% from the target and to travel round the target in water
% 'travel_time_counterclock' is the time taken by the counterclockwise A0
% wave to emanate from the target and travel in the sediment if the point
% of emanation is below the seabed OR to travel in the sediment and water
% if the point of emanation is above the seabed.
% Author : Deep Ghosh
% Created : 5th April, 2007
% Revised :
% Notes :
%k1 = cs/cw;
k1 = cw/cs;
dist1 = sqrt( xs * xs + ys * ys + zs * zs);%sqrt gives positive square root
v = sqrt( dist1 * dist1 - Rt * Rt);
length1 = sqrt(dist1 * dist1 - Rt * Rt); %length1 is the length of the
%tangent from the Topas
angle1 = atan( (length1) / Rt) * 180/pi;%twice of angle1 is the angle
%included by the radii of the
%tangent lengths
angle2 = atan(zs/xs) * 180/pi; % angle2 is the elevation angle of the
%source
angle3 = 180 - (angle1 + angle2);
angle4 = 2 * angle1;
angle5 = 360 - (angle3 + angle4);
t1 = (angle3/360) * (2 * pi * Rt) / cw; % t1 is the time taken to go around
%the target in water for the
%clockwise wave
travel_time_clock = (v/cw) + t1;
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if angle5 <= 180
% Emanation point of the counterclockwise wave is below the seabed
coeﬀ1 = -2 * xs;
coeﬀ2 = ( k1 * k1 * zs * zs + k1 * k1 * xs * xs - Rt * Rt * k1 * k1...
+ 1) / ( k1 * k1);
coeﬀ3 = ( -2 * xs * zs * zs * k1 * k1 - xs) / ( k1 * k1);
coeﬀ4 = xs * xs * zs * zs - Rt * Rt * zs * zs;
p = [ 1 coeﬀ1 coeﬀ2 coeﬀ3 coeﬀ4];
r = roots(p);
count = 1;
for s = 1 : 4
if r(s) < xs && isreal (r(s))
x1(count) = r(s); % x1 is the x coord. on the seabed where
% the counterclockwise wave undergoes
%refraction
count = count + 1;
end
end
count = count - 1;
if count > 1
disp(['error in geom_source.m as it gives two points on the ',....
'seabed where the counterclockwise wave can emanate']);
return
end
x2 = xs - x1;
if x2 >= Rt
v1 = sqrt( x1 * x1 + zs * zs); % v1 is the travel distance in Water
v2 = sqrt( x2 * x2 - Rt * Rt); % v2 is the travel distance in seabed
angle6 = atan(v2/Rt) * 180/pi;
angle7 = 180 - angle6;
t2 = (angle7/360) * (2 * pi * Rt) / cs; % t2 is the time taken to go
%around the target in sediment
%by the counterclockwise wave
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travel_time_counterclock = v1/cw + v2/cs + t2;
else
v1 = sqrt( x1 * x1 + zr * zr); % v1 is the travel distance in Water
travel_time_counterclock = v1/cw + (pi * Rt)/cs;
end
else
% Emanation point of the counterclockwise wave is above the seabed
v1 = sqrt( dist1 * dist1 - Rt * Rt);
angle8 = atan(v1/Rt) * 180/pi;
angle9 = angle2;
angle10 = angle9 - angle8;
t3 = (angle10/360) * (2 * pi * Rt) / cw; % t3 is the time taken to go
%round the target in water
%by the counterclockwise wave
t4 = (pi * rt) / cs; % t4 is the time taken to go round the
% target in sediment by the
% counterclockwise wave
travel_time_counterclock = v1/cw + t3 + t4;
end
function [travel_time_clock1 travel_time_counterclock1] = geom_receiver......
(xr,yr,zr,Rt,cw,cs)
% this code computes the time taken for the clockwise and counterclockwise
% waves to reach the receivers after traveling in the respective second
% media
% xr is the x coordinate of the receiver
% yr is the y coordinate of the receiver
% zr is the z coordinate of the receiver
% Rt is the radius of the target
% cw is sound speed in water
% cs is sound speed in sediment
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% 'travel_time_clock1' is the time taken by the clockwise A0 wave to reach
% the receiver after traveling in the sediment OR sediment and water
% depending on whether the point of tangency from the receiver to the
% sphere is inside the sediment layer or outside
% 'travel_time_counterclock1' is the time taken by the counterclockwise A0
% wave to reach the receiver after traveling in water
% Author : Deep Ghosh
% Created : 5th April, 2007
% Revised :
% Notes :
% k1 = cs/cw;
k1 = cw/cs;
dist1 = sqrt( xr * xr + yr * yr + zr * zr);%sqrt gives positive square root
v = sqrt( dist1 * dist1 - Rt * Rt);
length1 = sqrt(dist1 * dist1 - Rt * Rt); %length1 is the length of the
%tangent from the Receiver
angle1 = atan( (length1) / Rt) * 180/pi;%twice of angle1 is the angle
%included by the radii of the
%tangent lengths
angle2 = atan(zr/xr) * 180/pi; % angle2 is the elevation angle of the
% source
angle3 = 180 - (angle1 + angle2);
angle4 = 2 * angle1;
angle5 = 360 - (angle3 + angle4);
t1 = (angle3/360) * (2 * pi * Rt) / cw; % t1 is the time taken to go
% around the target in water by
% the counterclockwise wave
travel_time_counterclock1 = (v/cw) + t1;
if angle5 <= 180
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% Emanation point of the clockwise wave is below the seabed
coeﬀ1 = -2 * xr;
coeﬀ2 = ( k1 * k1 * zr * zr + k1 * k1 * xr * xr - Rt * Rt * k1 * k1...
+ 1) / ( k1 * k1);
coeﬀ3 = ( -2 * xr * zr * zr * k1 * k1 - xr) / ( k1 * k1);
coeﬀ4 = xr * xr * zr * zr - Rt * Rt * zr * zr;
p = [ 1 coeﬀ1 coeﬀ2 coeﬀ3 coeﬀ4];
r = roots(p);
count = 1;
for s = 1 : 4
if r(s) < xr && isreal (r(s))
x1(count) = r(s); % x1 is the x coord. on the seabed where
% the clockwise wave undergoes
%refraction
count = count + 1;
end
end
count = count - 1;
if count > 1
disp(['error in geom_receiver.m as it gives two points on the ',....
'seabed where the clockwise wave can emanate']);
return
end
x2 = xr - x1;
if x2 >= Rt
v1 = sqrt( x1 * x1 + zr * zr); % v1 is the travel distance in Water
v2 = sqrt( x2 * x2 - Rt * Rt); % v2 is the travel distance in seabed
angle6 = atan(v2/Rt) * 180/pi;
angle7 = 180 - angle6;
t2 = (angle7/360) * (2 * pi * Rt) / cs; % t2 is the time taken to go
%around the target in sediment
%by clockwise wave
travel_time_clock1 = v1/cw + v2/cs + t2;
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else
v1 = sqrt( x1 * x1 + zr * zr); % v1 is the travel distance in Water
travel_time_clock1 = v1/cw + (pi * Rt)/cs;
end
else
% Emanation point of the clockwise wave is above the seabed
v1 = sqrt( dist1 * dist1 - Rt * Rt);
angle8 = atan(v1/Rt) * 180/pi;
angle9 = angle2;
angle10 = angle9 - angle8;
t3 = (angle10/360) * (2 * pi * Rt) / cw; % t3 is the time taken to go
%round the target in water
%by clockwise wave
t4 = (pi * Rt) / cs; % t4 is the time taken to go round the
% target in sediment by clockwise
% wave
travel_time_clock1 = v1/cw + t3 + t4;
end
Parameters in the file 'Goats.par' needed for OASES analysis
0.53
0.03
7700
5950 0.01
3240 0.02
Parameters in the file 'Goats_Sphere_Oast_up.dat'
Goats Sphere Oast Input
N P E O
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<tsfreq> <tsfreq> 1 <dfreq>
6
0 1530 0 0 0 1.0 0 ! Fluid halfspace above the top interface
0 1530 0 0 0 1.0 0
9.8 1530 0 0 0 1.0 0
10.82 1530 0 0 0 1.0 0
11.35 1650 0 0.5 0.5 1.91 0
11.88 1650 0 0.5 0.5 1.91 0
3.60
10.6339 10.6339 1 1
1400 1E8
-1 1 1
0.023 0.033 20 0.001
0.02691 4 0 0 1.06 0 ! Goats Sphere 1.06m dia half-buried
Parameters in the file 'Goats_Sphere_Oast_lo.dat'
Goats Sphere Oast Input
N P E O
<tsfreq> <tsfreq> 1 <dfreq>
6
0 1530 0 0 0 1.0 0 ! Fluid halfspace above the top interface
0 1530 0 0 0 1.0 0
9.8 1530 0 0 0 1.0 0
10.82 1530 0 0 0 1.0 0
11.35 1650 0 0.5 0.5 1.91 0
11.88 1650 0 0.5 0.5 1.91 0
3.60
10.6339 10.6339 1 1
1400 1E8
-1 1 1
0.023 0.033 20 0.001
0.02691 5 0 0 1.06 0 ! Goats Sphere 1.06m dia half-buried
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Parameters in the file 'Goats_Sphere_Oast3.dat'
Goats Sphere Oast3 input
N r d O f
<tsfreq> 0 <dfreq>
6
0 1530 0 0 0 1.0 0 ! fluid halfspace above the top interface
0 1530 0 0 0 1.0 0
9.8 1530 0 0 0 1.0 0
10.82 1530 0 0 0 1.0 0
11.35 1650 0 0.5 0.5 1.91 0
11.88 1650 0 0.5 0.5 1.91 0
100 40
3.60
10.6339 10.6339 1 1
1400 1E8
-1 1 1 1
0 0.00004 120
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